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PETROGRAPHIC COMPARISON OF SOME LOESS SAMPLES FROM 
WESTERN EUROPE WITH KANSAS LOESS 





ADA SWINEFORD anp JOHN C. FRYE! 
State Geological Survey, University of Kansas 





ABSTRACT 


Fifteen samples of loess collected in 1952 in Italy, France, Germany, and Belgium were 
studied by mechanical and chemical analysis, X-ray diffraction, and light and electron micro- 
scopy. These data are compared and contrasted with similar data from 47 samples from Kansas 
and Nebraska. It is shown that in spite of the similarities of the loess cf the two regions in field 
appearance, relationship, buried soil profiles, texture, and stratigraphy, the mineralogy of the 
European samples contrasts strongly with that of the Kansas samples. Abundant montmoril- 
lonite and volcanic ash shards in the Kansas samples are the most striking points of difference, 
but strong variations are also noted in other minerals of the coarse fraction as well as in other 
of the clay minerals. 





INTRODUCTION and to collect samples in western Europe 
was made possible to Frye during the 
summer of 1952 by a grant from the Uni- 
versity of Karsas Endowment Associa- 


Loess, or massive well-sorted silt with 
some clay and very fine sand, is perhaps 
the most widespread of surficial deposits 
in the northern hemisphere. Although 
there is lack of general agreement con- 
cerning its origin—it is probable that de- < 
posits included by various workers under =F ane. i GERMANY 





the name “‘loess’’ represent deposits of 
several origins—western Europe, and 
. e 12,13,14 

particularly the Rhine Valley, has long ral * — 
been a classic region for study of these ee MBoURG 
massive silts. The central Great Plains K § eel \ pe 
of the United States (Kansas and Ne- DB poris % yo 
braska) contain more widespread and ) pySrobour 
thicker deposits of surficial silts that bear 
a striking superficial similarity to tte io 
European deposits. We have had oppor- ee ” Sire ; 
tunity during the past decade to study Scale in Rilometers 
in some detail the loess deposits of the fis ae ie 
central Great Plains (Swineford and oe es ies 
Frye, 1951; Frye and Leonard, 1951); oat le ? ITALY 
it is our purpose here to present petro- 33 Po River 
graphic data on samples from western ere 
Europe and to compare and contrast 
their properties with typical loess from 
Kansas and Nebraska. 

Opportunity to examine loess deposits 





2 SWITZERLAND 
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1 Present address: Illinois State Geological Fic. 1—Map of a part of western Europe 
Survey, Urbana, Illinois. showing location of loess samples described. 
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tion and the generosity of Prof. Raymond 
C. Moore of the University of Kansas 
with whom he traveled. Data on 15 sam- 
ples from 10 localities in Italy, France, 
Germany, and Belgium are reported here 
(fig. 1); data on 47 samples from 42 locali- 
ties in Kansas and Nebraska have previ- 
ously been published (Swineford and 
Frye, 1951). Field guidance in the case of 
all but one of the localities described here 
was in company of local authorities; the 
single exception was found by following 
maps and notes furnished by them. Ages 
were assigned, and collateral data in 
many cases were furnished by them, and 
their assistance is hereby acknowledged. 
In the Rhine Valley in the vicinity of 
Wiesbaden, Germany, we were guided by 
Prof. Dr. Franz Michels and Dr. Ernst 
Schonhals, Hessisches Landesant fiir 
Bodenforschung, Wiesbaden; at Mauer, 
Germany, by Dr. Arthur Rosler, Geo- 
logische-Paliontologische Institut, Hei- 
delberg; in the vicinity of Strasbourg, 
France, by Prof. Dr. Georges Dubois and 
Dr. Paul Wernert, Laboratoire de Géo- 
logie, Université de Strasbourg; in the 
vicinity of Torino, Italy, by Prof. C. 
Socin, Istituto di Geologia, Torino; and 
in the vincity of Landen, west of Liége, 
Belgium, by Prof. F. Gullentops, Labora- 
toire de Géologie, Université de Louvain. 
Prof. F. Schaub, Naturhistorisches Mu- 
seum, Basel, Switzerland, furnished maps 
and notes for the location of exposures in 
the vicinity of St. Vallier, France, along 
the Rhone Valley. 


General Stratigraphy 


Loess deposits of the northern hemi- 
sphere are predominantly of late Pleisto- 
cene age. In the Great Plains region loess 
deposits are Illinoian and Wisconsinan 
in age and are subdivided by the use of 
buried soils and molluscan faunas into 
three stratigraphic units: the Loveland, 
Peoria, and Bignell silt members of the 
Sanborn formation (Frye and Leonard, 
1951; 1952). Of these three the Peoria is 
by far the thickest and most extensive; 
all samples used for comparison are from 
this early Wisconsinan unit. 


Stratigraphic placement of the samples 
from western Europe is with respect to 
the standard section of the Alpine region. 
Most of the European loess samples de- 
scribed here are assignable to the Wiirm; 
however, sample 10 from the Rhine Val- 
ley is of a Chernozem soil developed in 
loess tentatively assigned to the Riss; 
sample 6 from Achenheim is assigned to 
the late Mindel or Riss; and samples 3 
and 4 along the Rhone Valley are dated 
only by their position above a deep, ma- 
ture soil developed in the top of deposits 
that have yielded diagnostic Villafranch- 
ian vertebrate fossils. 

In general loess samples studied from 
both North America and Europe are of 
corresponding age, and are assigned to 
the last major episode of continental 
glaciation. 


Laboratory Procedure 


Mechanical analyses of the 15 samples 
were made by the same method used for 
the Kansas samples in 1950 (Swineford 
and Frye, 1951) in order to facilitate 
comparison. The results are shown in 
table 1, and a few cumulative size-fre- 
quency curves are plotted in figure 2. 

Chemical analyses of the 15 European 
samples were made under the direction of 
Russell T. Runnels in the laboratories of 
the State Geological Survey of Kansas, 
and are shown in table 2, along with cal- 
cium carbonate content computed by 
Runnels. 

The size fraction between 44 and two 
microns (in all samples except those from 
Torino) consists predominately of clay- 
coated quartz grains, plus calcite and 
feldspars in those samples which also con- 
tain calcite and feldspars in the coarser 
fractions. Micas and rock fragments are 
less abundant than in the fractions coars- 
er than 44 microns. Most of the heavy 
minerals are within the 20-44 micron 
fraction. 

The silt and sand fractions coarser than 
about 20 microns were examined with 
binocular and petrographic microscopes. 
Detailed observations were restricted to 
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1 Swineford and Frye, 1951. 


grains coarser than about 44 microns, 
because their mineralogy could be 
more readily identified. 

X-ray diffraction patterns were 
made from <2 micron samples ori- 
ented on glass slides. Patterns were 
made in each case from the untreated 
clay and from acid-treated (cold 0.1 
N HCl) clay. Selected patterns were 
also made from glycerol-wet prepa- 
rations and from clay which had been 
heated to 550°-600° C. for 30 min- 
utes. Diffractometer patterns were 
made with a GE XRD3 unit oper- 
ated at a scanning speed of 0.2° 20 
per minute and using nickel-filtered 
copper radiation. Scanning was be- 
gun at 2° 26 for several samples, but 
no low-angle superlattice reflections 
were observed. The observed d-val- 
ues and estimated intensities are 
shown in tables 3, 4, 5, and 6. Some 
of the diffractometer patterns are 
shown in figure 3. 

The <2 micron fraction character- 
istically consists of a complex mixture 
of layer silicates, calcite, and quartz. 
All samples contain significant quan- 
tities of illite and/or comminuted 
muscovite (and other micas) and 
most have smaller amounts of kaoli- 
nite. The most obvious differences 
among the loesses lie in the relative 
proportions of these minerals and in 
the presence or absence of a 14.7 
mineral and of a mineral which ex- 
pands on treatment with glycerol. As 
will be noted in descriptions of indi- 
vidual samples, some of these miner- 
als have mixed-layer characteristics. 
The mineralogy of the loesses is so 
complex, however, that definitive in- 
terpretations would have doubtful 
validity. 

In general, the observable effect of 
treatment with cold 0.1 HCl is as fol- 
lows. If montmorillonite is present it 
is converted to hy drogen clay and a 
broad 13 A reflection is produced. 
The 14.7 A reflection may tend to be 
sharpened (by shifting of 15 A band, 
in part?) and in most instances shifts 
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TABLE 2.—Chemical analyses of samples of loess from western Europe and 
selected samples from Kansas! 
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1 Analyses by Russell Runnels, State Geological Survey of Kansas. 
2 Doniphan County, Kansas (Frye and others, 1949, p. 85). 


3 Norton County, Kansas (Frye and others, 1949, p. 85). 
* Includes TiOs. 
5 Determined by difference. 


to about 14.5-14.3 A. Acid treatment also 
tends to sharpen and accentuate the 4.75 
and 3.55 A reflections in clays which give 
a strong 14.5 A reflection. Orientation is 
improved and basal reflections are en- 
hanced in acid-treated samples by re- 
moval of nonflaky calcite particles. Acid 


treatment also produces a broad unex- 
plained 8 A band in several samples. 
Glycerol saturation produces a weak to 
moderate 18 A refiection in some of the 
clays. This reflection is not as symmetri- 
cal as that in bentonites or in Kansas 
loess, but seems to tail off in the low-angle 
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Fic. 2.—Selected cumulative size frequency distribution curves for samples from western 
Europe (samples 1, 3, 6, 14, and 15) compared with the curve of a typical sample from north- 
western Kansas (Swineford and Frye, 1951). 
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direction. Glycerol improves the sym- 
metry of the 10 A peak in some samples. 
Heat treatment for 30 minutes at 
550°-600° C. shifts the 14.7 A reflection 
in most of the clays to 14.2-14.0 A and 
tends to sharpen it. The 7 A reflection is 
destroyed in most clays but not in all of 
them. All kaolinite reflections are de- 
stroyed. Most of the clays show a broad 
weak reflection at 11.2 to 12.3 A (ac- 
companied by a reduction in intensity of 
the 14 A peak) after heating. The ob- 
served d-values for heated clays are shown 
in table 6. Slight warping in a few of 
the slides (particularly 4, 7, and 14, table 
6) has decreased the accuracy of measure- 
ment. The component which shrinks to 
11-12 Aon heating may be interstratified 
with a chloritic component, or partly 
chloritized, as described by MacEwan 
(1949). The mineral may include vermic- 
ulite layers. Whether montmorillonite is 
primarily interstratified with other layers 
or is a separate component is not known. 
The following criteria were used for 
identification of minerals in the <2 mi- 
cron fraction. Normal chlorites were iden- 
tified by a 14 A reflection which persists 
after heating to 550°-600° C., and by a 
4.7 A reflection (003). Antigorite is indi- 
cated by 7.3 A and 3.63 A reflections 
which are not destroyed by heat (Mac- 
Ewan, 1951). Kaolinite is suggested in 
some samples by particularly strong 7.2 
reflections which are not completely 
destroyed by hot HCl, accompanied by 
reflections at 3.59 A, 2.39 A (003), and 
in some cases 2.28 A. Micas and illite 
are shown bv basal reflections at about 
10 A and 5 A. That most of the mica is 
dioctahedral is suggested by the relatively 
intense second order basal reflection. 
Montmorillonoid is identified in glycerol- 
saturated clay by the presence of an 18 A 
reflection. Quartz is identified by a 4.27 
A reflection, and calcite by a 3.04 A and 
associated reflections. tie behavior of 
the 3.26 and 3.22 A reflections under 
various conditions is not explained. 
Clay from the <2 micron (unacidized) 
fraction of each loess sample was ex- 


amined in a Philips EM-100 electron 
microscope. Electron micrographs are 
shown in plates 1 and 2. 


LOESS SAMPLES FROM WESTERN EUROPE 


For purposes of description the sam- 
ples from western Europe will be dis- 
cussed in six groups, each of which repre- 
sents a geographic area. The first of these 
includes samples from near Torino, Italy, 
in Po River drainage, and the second 
from near St. Vallier, France, in the 
Rhone River Valley. Three groups are 
from areas in the Rhine Valley—namely 
the Strasbourg-Achenheim, France, area; 
from Mauer, near Heidelberg, Germany; 
and the Eltville-Wiesbaden, Germany, 
area. The sixth consists of a sample from 
Landen, west of Liége, Belgium. 


Torino, Italy (Samples 1 and 2) 


Two samples were collected from de- 
posits exposed on the steep bluffs on the 
south side of the Po River and south of 
the city of Torino, Italy. The first of 
these was from near the crest of the bluff 
(sample J), 500 meters west from Cavor- 
etto along the road to Madalena. In this 
locality the Helvetian (Miocene) sandy 
silts contain a clearly recognizable soil 
profile in their uppermost part and are 
overlain by 23 to three feet of loess. This 
thin loess contains in its uppermost part 
a reddish-brown soil with a. well-de- 
veloped B horizon. Nodular caliche ex- 
tends downward into the He!vetian sedi- 
ments below. Above this first loess soil is 
three to four feet of another loess with a 
soil in its upper part—less well developed 
than the lower loess soil, but reddish- 
brown in color and containing a caliche 
zone that extends downward into the A 
horizon of the lower loess soil. This sec- 
ond loess soil does not have strong tex- 
tural contrast or well-developed structure 
in the B horizon but displays a strong 
color contrast within the profile. Above 
this second loess soil is exposed 12 feet of 
buff to yellow-tan coarse-textured loess, 
with indication that a greater thickness 
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occurs under cover upslope. Although it 
is not known that a definite age deter- 
mination of this loess has been made, 
Prof. Socin (personal communicatior.) 
stated that it has yielded Pupilla mus- 
corum; its stratigraphic and physiograph- 
ic relations are judged to require an age 
no older than '* iirm, and do not preclude 
a late Wiirm age. 


Sample 2 was collected from a road cut 
exposure part way down the steep bluff 
in the same vicinity. Here the loess rests 
directly on middle Helvetian (Miocene) 
with no intervening soil profile. The in- 
clusion in its base of fragments of Hel- 
vetian rock, together with the field rela- 
tionships, suggests that the deposit is at 
least in part colluvial and that the loess 


TABLE 4.—Lattice spacings and estimated intensitié 
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diffractometer patterns of oriented loess (<2 microns) 
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may have initially been deposited at a 
higher position on the slope. It is judged 
to be no older than Wiirm. 

Mechanical analyses show that sample 
1 (fig. 2) is the coarsest and best sorted 
of the European samples studied (table 
1), whereas sample 2 has a finer average 
particle size and is not so well sorted. 

Chemical composition of these samples 


is shown in table 2. Recalculation of the 
analyses to a CaCO;-free basis showed 
that these samples have the lowest SiO, 
content and the highest MgO (particu- 
larly sample 1), K,O (particularly sample 
2), and Fe,O; content. 

The coarse fraction of both samples is 
characterized by unusually abundant 
muscovite. It also contains angular 





Doniphan Co., 
cans. 
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quartz, some biotite, and a 
bronze-colored mica probably 
representing altered biotite;some 
schist fragments and traces of 
chlorite. Sample 1 has coarse cal- 
cite grains but sample 2 has none. 

X-ray diffraction data from 
the <2 micron fraction show 
that the clay minerals are pre- 
dominantly muscovite, a 14.5 / 
mineral, calcite (in sample 1) 
and antigorite (fig. 3). There is 
little or no detectable quartz or 
kaolinite. The 14.5 A mineral (or 
minerals) is shown by glycera- 
tion and heat treatment to be 
perhaps in part chlorite, in part 
montmorillonite and in part a 
mixed-layer mineral. There is 
some possibility that the mont- 
morillonite in these and some of 
the other samples may be a di- 
octahedral variety such as that 
described by MacEwan (1954). 
No superlattice reflections were 
observed at low angles. The 12 A 
reflection formed by heat treat- 
ment does not shift after the 
preparation has been exposed to 
humid air for several weeks. The 
10 A and 5 A reflections in sam- 
ple 1 are particularly sharp, and 
the 10 A reflection has a shoul- 
der on the high-angle side which 
suggests the presence of two 10 
A minerals. 

Electron micrographs show 
that sample 1 consists predomi- 
nantly of very thin, clearly de- 
fined, smooth flakes (ground 
mica?), many of which have mi- 
nute rods and shreds along their 
edges (pl. 1A). There are also 
larger rods, some straight-sided 
and some jagged. The particles 
of sample 2 are also flaky, but 
the flakes are puffier and less dis- 
tinct. The tiny shreds are not 
present (pl. 1B). No fibers typi- 
cal of chrysotile were observed 
in either 1 or 2. 

The high MgO and Fe2O; con- 
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tent, the presence of chlorite and anti- 
gorite, and the large quantities of mica 
suggest that the source material con- 
sisted largely of serpentine, mica schist, 
and probably basic igneous rocks. Such 
source rocks in a position tributary to 
the Po River at this point are indicat- 
ed by the geologic maps of Hermann 
(1937; 1937a). These maps indicate the 
close proximity of serpentine (some- 
times with important relics of ultra- 
basic rocks), peridotite with diverse 
associated ultrabasic rocks, and mica 
schist, gneiss, and granite at progres- 
sively greater distances. The loess was 
derived either directly from these ig- 
neous and metamorphic rocks or indi- 
rectly from reworked material in the 
Helvetian sediments. Antigorite, which 
is not observed in the other loesses 
studied, seemingly came from the ser- 
pentine bedrock. It is worthy of note 
that Antigorio Valley, from which an- 
tigorite was named, is near by in the 
Piedmont Division. 


St. Vallier, France (samples 
3 and 4) 


Samples 3 and 4 were collected from 
exposures in an excavation made for 
the collection of vertebrate fossils be- 
tween St. Vallier and St. Uze, France, 
on the east side of the Rhone River 
Valley south of Lyon (fig. 1). Here 
sand, gravel, and silt mantle granite 
bedrock and form the surface of a high 
terrace approximately 250 feet above 
the Rhone River. The upper, silty part 
of these deposits has yielded a large 
and distinctive fauna of fossil verte- 
brates dated as Villafranchian (per 
sonal communication, Prof. F. Schaub, 
Basel, and Prof. Jean Viret, Lyon). A 
mature, brownish soil is developed in 
the eroded surface of these fossilifer- 
ous silts (pl. 3A). This buried soil is 
overlain by three to six feet of loess that 
immediately underlies the surface and 
contains the surface soil. The modern 
surface soil developed in this loess is less 
well developed than the buried pro- 
file formed in truncated Villafranchian 
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Fic. 3.—X-ray diffractometer patterns of minus two micron fraction 
of loess oriented on glass slides. 
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deposits. Although no direct dating for 
the loess is available to us, the degree of 
profile development suggests a late Pleis- 
tocene age (Riss or Wiirm) for the sur- 
face loess at this locality. Sample 3 was 
taken below the modern soil profile but 
more than a foot above the top of the 
buried soil, whereas sample 4 was taken 
just above the top of the buried soil, or 
from the basal few inches of the loess. 

Mechanical analyses show that sample 
3, although having a rather fine average 
particle size, is well sorted (fig. 2; table 1). 
Sample 4 is more poorly sorted, having a 
few grains coarser than one mm and 13 
percent finer than one micron. 

Except for low MgO content, the 
chemical composition is similar to that of 
several other loess samples. Sample 3 is 
highly calcareous, whereas sample 4 is 
only moderately so (table 2). 

The fraction coarser than 44 microns 
contains angular quartz, moderate 
amounts of muscovite and biotite, less 
than five percent feldspar (chiefly potas- 
sium feldspar), and traces of weathered 
granite or granite gneiss. Calcite grains 
are common in sample 3. Sample 4 con- 
tains little calcite but much limonite. No 
chlorite flakes were observed in the coarse 
fraction. 

The minerals in the <2 micron frac- 
tion are chiefly illite (or illite and musco- 
vite) and an expanding montmorillonite 
mineral which has a very broad reflection 
at 15 to 16 A which shifts to 18 A+ with 
glycerol (table 5). After heating to 550° 
600° C., there is a suggestion of a reflec- 
tion at 11.3 A, indicating that the ex- 
panding mineral is not pure montmoril- 
lonite. Small quantities of quartz and 
possibly kaolinite (001, 002) were ob- 
served. There is no 14 A chlorite or ver- 
miculite. There are moderate quantities 
of calcite in the fine fraction of sample 3, 
and only traces in sample 4. 

In the electron microscope samples 3 
and 4 are seen to consist predominantly 
of rather flat irregular flakes, a very few 
of which have a cottony appearance (pl. 
1C). There are essentially no rods. In 


sample 4 some of the flakes are slightly 
shredded at the edges. 

The angular quartz, potassium feld- 
spar, muscovite, and biotite, and absence 
of chlorite-vermiculite suggest that the 
ultimate source was, at least in part, 
near-by siliceous crystalline rocks. 


Strasbourg-Achenheim, France 
(samples 5 and 6) 


In the vicinity of Strasbourg, France, 
loess samples were obtained from brick- 
pit excavations on an intermediate ter- 
race of the Rhine (sample 5) and from the 
extensive high terrace of the Rhine (sam- 
ple 6). The sample from the intermediate 
terrace (pl. 3B) was taken about six kilo- 
meters southwest of Strasbourg. The sec- 
tion exposed here consists of fossiliferous 
loess, which was sampled, resting on a 
soil developed in alluvial sands and 
gravels; this loess possesses a weak soil 
profile and in turn is overlain by a young- 
er loess. The loess sampled was dated as 
early Wiirm (personal communication, 
Prof. Dubois and Dr. Wernert). 

The large brick pits at near-by Achen- 
heim yielded the sample of oldest loess 
obtained in the Rhine Valley (sample 6). 
This loess has been dated as late Mindel 
or ‘“‘Anti-penultimate glacial 2” (Zeuner, 
1946), and more recently (Zeuner, 1952) 
as ‘Penultimate glacial” or Riss age. The 
loess, which is gray and contains fossil 
snail shells, occurs above a soil developed 
in the uppermost part of thick, gray 
sands tentatively correlated with the 
Mosbacher sands (which also contain fos- 
sil snails) and is overlain with seeming 
conformity by red sands that contain a 
buried soil in their top. This upper sand 
is overlain by another loess that has been 
correlated with the Wiirm deposits of the 
intermediate terrace (personal communi- 
cation, Prof. Dubois and Dr. Wernert), 
and the thick sequence of ‘‘older’’ loesses 
that wedge out against the truncated ter- 
race front (missing in the main terrace) 
belong in age between the red sands and 
the youngest loess that blankets the en- 
tire area. 
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Sample 6 has a particle size distribu- 
tion and sorting typical of many other 
loess samples studied (fig. 2). Sample 5 
is unusually clayey, having 28 percent 
finer than one micron. 

In chemical composition, sample 6 is 
distinguished by the highest TiO. content 
of all the samples (when calculated on a 
carbonate-free basis). It also contains the 
most CaCO; (40.69 percent). Both sam- 
ples are fairly high in MgO. 

In sample 5 the fraction coarser than 
44 microns contains angular to well- 
rounded quartz, perhaps 30 percent feld- 
spar (chiefly K-feldspar), and only a 
small quantity of mica and calcite. Sam- 
ple 6, on the other hand, contains larger 
quantities of rounded quartz grains with 
common limonitic stain. The feldspar 
content is less than five percent. There 
are several grains of chert or chertlike 
aggregates, and there is much muscovite, 
biotite, and chlorite, plus a trace of schist 
and phyllite. Finely crystalline calcite is 
extremely common in sample 6 

X-ray diffraction data show that in the 
fraction finer than two microns there are 
also several differences between samples 
5 and 6. The clay fraction from sample 6 
contains much calcite, whereas the clay 
from the younger loess contains only a 
small quantity (<five per cent). Sample 
5 contains primarily a 14.7 A mineral and 
kaolinite (001, 002, and 003 reflections 
prominent), with only a small quantity 
of 10 A clay. Asymmetry of the 10 4 
reflection suggests that the mineral is in 
part mixed-layer. Sample 6 contains 
chiefly illite (10 A mineral) and a 14.7 A 
mineral, with only 2 small quantity of 
kaolinite (fig. 3). Both samples contain 
small amounts of quartz. The behavior 


of the 14.7 A reflection in both samples 
is similar to that in most of the other 
loesses. It includes a montmorillonite 
component (18 A with glycerol), chlorite 
(14.2 A reflection present after heating), 
and seemingly a partly chloritized mixed- 
layer component (12.1 A reflection after 
heating). 

Electron micrographs of sample 6 
show very thin, large, flat, irregular 
flakes (pl. 1D), and many minute dense 
specks (calcite?) having diameters of the 
order of magnitude of 0.03 microns or 
smaller. Some of the specks seem to have 
rodlike shapes, but others do not. 

A source for all the materials found in 
these two samples may be assigned to the 
drainage basin of the Rhine above Stras- 
bourg. Some of the petrographic differ- 
ences between the Riss and Wiirm loesses 
in this area are perhaps accounted for by 
the greater extent of the Alpine Riss gla- 
ciers which transgressed significantly on- 
to the Jura Mountains. 


Heidelberg, Germany (samples 7 and 8) 


At the Grafenaien pit at Mauer, near 
Heidelberg, Germany (that yielded the 
widely known Heidelberg jaw), a succes- 
sion of loesses (pl. 3C) occurs above the 
sands and gravels (Zeuner, 1952). These 
deposits are in an abandoned loop of the 
Rhine River, and at the locality studied 
a well-developed soil occurs in the top of 
the sands and gravels below the oldest 
observed loess. A comparably well-de- 
veloped soil caps this loess, and a relative- 
ly thick section of loess containing an 
abundant snail fauna occurs above the 
soil. The upper loess contains locally a 
thin red clay streak that presumably 
marks the division between Zeuner’s 


PLATE 1.—Electron micrographs of minus two micron fraction of loess, shadowed with 


Ts at 20°, from Italy and France. 


A.—Sample 1 ‘from near Torino, Italy. Note sharply defined flakes and a few small rods. 


B.—Sample 2 from near Torino, Italy. 
virtual absence of rods. 


Note irregularity of flakes in contrast to A, and 


C.—Sample 3 from near St. Vallier, France, showing presence of fluffy masses judged from 
X-ray diffraction patterns to be montmorillonite. 
D.—Sample 6, oldest loess exposed at Achenheim, France, characterized by thin, flat flakes. 
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(1952) Younger Loess I and Younger 
Loess II. Sample 7 was taken from the 
lower part of this upper loess and is clear- 
ly assignable to the Wiirm. Sample 8 was 
from below the well-developed soil and 
presumably is Zeuner’s ‘“‘Upper Older 
Loess” and of Riss age; however, it seems 
a possibility that sample 8 is from a loess 
of early Wiirm age. 

Mechanical analyses show that the 
two samples are rather fine-grained with 
moderate admixtures of sand. 

In chemical composition, sample 8 has 
the highest SiO», (81.25 per cent on a car- 
bonate-free basis) and the lowest FesQ3. 
It is also low in MgO. Otherwise these 
samples are not unusual. 

The fraction coarser than 44 microns is 
limonitic; sample 8 contains much dark- 
brown limonitic plant material as well as 
the limonite stain which is also common 
in sample 7. Both samples contain 
rounded to angular quartz grains. Sample 
7 contains about 25 percent feldspar 
(predominantly K-feldspar), a few gran- 
ite fragments, and very little coarse mica. 
It also contains many calcite grains. Sam- 
ple 8 has only moderate amounts of feld- 
spar and no calcite, but more mica than 
sample 7. 

In the fraction finer than two microns, 
samples 7 and 8 are similar except that 
sample 7 contains a moderate amount of 
calcite and sample 8 has none (fig. 3). 
The minerals other than calcite are chief- 
ly a 14.7 A mineral, illite, and kaolinite, 
pius a small quantity of quartz. Sample 
8 contains less 10 A mineral than does 
sample 7, even though it has more mica 
in the coarser fractions. Broad, weak 12- 
13 A reflections were observed in both 
samples. The behavior of the 14.7 A re- 


flecticn in both clays is similar to that in 
the clays previously described (tables 4, 
5, 6). 

Electron micrographs of the <2 mi- 
cron fraction show that sample 8 con- 
tains many very small, flaky particles 
having generally somewhat poor crystal- 
linity (pl. 2A). 


Eltville-Wiesbaden, Germany (samples 


9, 10, 11, 12, 13, and 14). 


In the region of Eltville and Wies- 
baden, west of Frankfurt, loess samples 
were collected in three localities: (1) 
samples 9 and 10 from road cut exposures 
in the vicinity of Eltville; (2) sample 11 
from a brick-pit exposure at Eltville; and 
(3) samples 12, 13, and 14 from exposures 
in the Dycherhoff pit at Wiesbaden. 

In the road cuts near Eltville the loess 
is thin and occurs on the surface of the 
highest of the middle terraces of the 
Rhine Valley. At the locality of sample 
9 a Wiirm I-II interstadial Brown soil 
developed in Oligocene sediments is well 
exposed and the sample was taken from 
the Wiirm II loess (personal communica- 
tion, Dr. Ernst Schonhals). About 200 
yards from the above exposure a deep 
Chernozem soil developed in the top of 
Riss loess is exposed in a small excava- 
tion where this soil is overlain by Wiirm 
I and II loess (personal communication, 
Dr. Schonhals). Sample 10 is from the 
lower part of the A horizon of this soil. 

In a brick pit near Eltville approxi- 
mately 30 feet of tan loess is well ex- 
posed. Dr. Ernst Schonhals (personal 
communication) has classed the exposed 
material as Wiirm I, II, and III on the 
basis of a relatively weak lower soil and 
a calcareous humic band at a higher posi- 





PLATE 2.—Electron micrographs of minus two micron fraction of loess, shadowed with 
chromium at 20°, from Germany, Belgium, and Kansas. 

A.—Sample 8 from the Grafenaien pit at Mauer, near Heidelberg, Germany. 

B.—Sample 14 from the Dycherhoff pit at Wiesbaden, Germany. Note relative abundance 


of rods. 


C.—Sample 15 from Landen, west of Liége, Belgium, showing presence of fluffy masses 
judged from X-ray diffraction patterns to be montmorillonite. 
D.—Sample from Gove County, Kansas (Swineford and Frye, 1951), showing abundant rods 


and montmorillonite masses. 
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tion. A thin zone of volcanic ash (one 
inch+thick) is reported by Dr. Schon- 
hals to occur in the Wiirm II zone but it 
was not observed at the time of our visit 
to the pit. The loess here, as at the other 
Eltville locality, occurs on a ‘‘Middle”’ 
terrace of the Rhine Valley. Sample 11 
was taken from the Wiirm II zone. 

In the Dycherhoff pit at Wiesbaden ex- 
tensive exposures were examined. Aqui- 
tanian marls and some lignite constitute 
the lower part of the section; these are 
locally overlain by quartz sand and peb- 
bles classed as Villafranchian in age (per- 
sonal communication, Dr. J. Bartz), 
which are unconformably overlain by 
sand and gravel of the Rhine Valley ter- 
race, classed as Mosbacher. The surface 
of the gravels displays an erosional un- 
conformity which is overlain by a con- 
tinuous mantle of relatively thin loess 
classed by Dr. Ernst Schonhals (personal 
communication) as Wiirm. A well-de- 
veloped Brown soil is at the surface and 
sample 12 is from the C horizon of this 
soil, whereas samples 13 and 14 are from 
about two feet below the base of the soil 
profile. 

Mechanical analyses of samples 9 to 
14 show that these loesses are rather 
poorly sorted, particularly toward the 
coarse end of the particle size distribu- 
tion. One of them (sample 11) contains 
1.1 percent coarser than two mm. The 
fraction finer than one micron of five of 
the six samples ranges from 8.9 percent 
to 12.7 percent, whereas sample 10 (from 
the Riss A horizon) contains 18.2 percent 
finer than one micron. 

The coarse fractions are mineralogi- 
cally more variable from sample to sam- 
ple than are the finer fractions and proba- 
bly reflect local lithology along the Rhine 
graben. Feldspar content ranges from 
five to 33 per cent and is highest in sam- 
ples 12 to 14. Where feldspar is low, schist 
and phyllite content is high; one sample 
(11) contains more than 50 per cent meta- 
morphic rock fragments in the coarsest 
fraction (>250 microns). Most of the 


quartz is angular, although rounded 
grains are present in several samples. 
Some vein quartz was observed. All sam- 
ples contain calcite grains; sample 14 has 
the most and samples 10 and 12 the 
least. The calcite of sample 10 has spheru- 
litic structure and is probably caliche 
from the overlying Wiirm loess. Musco- 
vite, biotite, and chlorite are present in 
most samples. Although volcanic ash is 
reported at the Eltville locality, no vol- 
canic glass was observed in the samples. 
In all the Eltville-Wiesbaden samples, 
the fraction finer than two microns is 
characterized by a 10 A mineral (mica, 
illite), a 14.7 A mineral, and small quanti- 
ties of kaolinite and quartz. Calcite con- 
tent is variable, sample 14 containing 
the most and sample 10 the least. The 
greatest variation among the six samples 
is in the behavior of the 14.7 A reflection. 
Sample 9 shows no indication of mont- 
morillonite on saturation with glycerol, 
whereas the other samples show weak 18 
A reflections. Sample 10 (the A-horizon 
sample) is unique in showing a weak 12 
A band, which may perhaps be attributed 
to a hydrobiotite-type mineral. Sample 
12 contains somewhat less chloritic com- 
ponent than do the other samples of this 
group. In sample 13, heat treatment 
produced the best 14 A reflection of any 
sample in the Eltville-Wiesbaden group, 
and it is the only loess having a 14.7 A 
reflection which does not show a 12 A 
reflection on heating. There is also a re- 
sidual 7.19 A reflection (chlorite 002?) in 
sample 13 after heat treatment. 
Electron micrographs show many elon- 
gate particles or rods in samples 9, 12, 
13, and 14. Most of these particles are not 
straight-sided, and at high magnifica- 
tions some of them are seen to be flat with 
angularly jagged sides. Their composi- 
tion is not known. In general, the micro- 
graphs show mixtures of several types of 
particles, mostly flaky and well crystal- 
lized, some having 120° angles (pl. 2B). 
The source of the loess of this area 
presumably lies in the widely diversified 
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rocks that occur in the drainage basins 
of the Rhine and Main Rivers above 
Wiesbaden, whereas samples 7 and 8 
from near Heidelberg should reflect a 
source predominantly from the upper 
Rhine basin. Although shifting source of 
gravels in this area is indicated by the 
lithologic contrast between the Villa- 
franchian and Mosbacher gravels in the 
Dycherhoff pit (Dr. F. Bartz, personal 
communication) it is judged that the 
Rhine, as the major outwash-carrying 
stream during late Pleistocene time, fur- 
nished the predominant source for the 
loess of the region. 


Landen-Liége, Belgium (sample 15) 


Loess exposures were examined from 
the vicinity of Liége to Louvain in Bel- 
gium. Sample 15 was taken from the face 
of a brick pit at Landen where about 
eight feet of calcareous loess was exposed 
in a planed face. The sample was taken 
about six feet below the top of the pit, 
which is approximately at the general 
upland level. Although some cryoturba- 
tion features were observed in this ex- 
posure they were much less prominent 
than in near-by exposures studied. The 
loess at this locality is tentatively as- 
signed to the Wiirm (Prof. F. Gullen- 
tops, personal communication). 

Mechanical analysis of sample 14 
shows that it is well sorted and typical 
of other fine-grained loesses studied (fig. 
2). 

Chemical analysis shows that this 
sample is rather high in SiO, (80.80 
per cent on a carbonate-free basis) and 
lowest of all samples in Al.O3. It also is 
low in Fe,O; and MgO (table 2). 

The fraction coarser than 44 microns 
consists predominantly of angular to sub- 
rounded quartz with limonite stain. 
There is much muscovite and some bio- 
tite in the finer sizes, but no very coarse 
mica and only a small quantity of feld- 
spar. Some calcite is present. 

The fraction finer than two microns 
contains montmorillonite, illite (and 


mica?), and kaolinite, with small quanti- 
ties of calcite and quartz. There is more 
montmorillonite than in any of the other 
European loesses studied (table 5). The 
10 A and 5 A reflections are broad, sug- 
gesting the presence of poorly crystalline 
illite. No chlorite or vermiculite reflec- 
tions were observed. 

Electron micrographs show much fine- 
grained, poorly crystallized, almost cot- 
tony material suggestive of montmoril- 
lonite (pl. 2C). There are also a few long, 
straight-sided laths. 

The loess at Landen occurs in an up- 
land situation not closely associated with 
a major outwash-carrying stream. Its 
source therefore is more difficult to lo- 
calize than that of the other samples 
studied. The relatively great abundance 
of montmorillonite, however, together 
with limonite stain on the quartz grains, 
low feldspar, absence of chlorite, and rel- 
atively abundant kaolinite, suggest a 
source, in part at least, in a deeply 
weathered region rather than outwash or 
valley train material from glacially 
abraded crystalline rocks. 


SUMMARY OF PETROGRAPHY OF 
KANSAS-NEBRASKA LOESS 


The petrography of Kansas loess has 
been described in some detail by Swine- 
ford and Frye (1951). Median diameter 
ranges from 4.29¢ (0.051 mm) to 5.59¢ 
(0.021 mm) in 47 mechanical analyses of 
loess from this region; the sorting, as 
shown by the phi quartile deviation, 
ranges from 0.36¢ to 0.89¢. The range in 
median diameter is only slightly more 
than one Udden grade, but it displays a 
high degree of geographic consistency. 

In the fraction coarser than 44 microns 
the major constituents were determined 
to be quartz, feldspar, volcanic ash 
shards, carbonates, and some micas. 
Feldspars (potassium feldspars being 
prevalent) are the second most abundant 
mineral group and occur generally in a 
ratio to quartz of 1:4. Volcanic ash 
shards were observed in all samples stud- 
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ied, but their abundance ranges from a 
trace to as much as 10 percent of the 
coarse silt fraction. Some fresh shards 
were found in all samples, but many were 
altered, particularly at the margins. 
Micas generally constitute only about 
three percent of the coarse silt fraction 
and consist of muscovite with some bio- 
tite. Small quantities of chlorite are also 
present. Chert is present in the samples 
from along the Missouri River Valley 
but is rare to absent in samples from the 
High Plains. Some silt-size grains of cal- 
cite and dolomite also occur in samples 
taken along Missouri River whereas only 
calcite was found in samples from farther 
west. 

Chemical analyses indicate that Kan- 
sas loesses are relatively high in Al.O3; and 
alkalies, but low in CaO. 

In order to make proper comparisons 
with X-ray data from the European sam- 
ples, four Kansas sampies from Rawlins, 
Gove, Marshall, and Doniphan Coun- 
ties, Kansas, were analyzed during this 
study. The clay minerals of the fraction 
finer than two microns are predominantly 
montmorillonite, with minor quantities 
of illite and kaolinite. This mineralogy is 
common in the loess throughout Kansas, 
Nebraska, South Dakota, and south- 
western Iowa (Mielenz, Holland, and 
King, 1949; Davidson and Handy, 1953). 
All samples studied contain quartz. There 
is no evidence of chlorite or vermiculite. 
Samples from Rawlins and Gove Coun- 
ties in western Kansas contain moderate 
quantities of calcite. The Marshall Coun- 
ty loess contains none. The Doniphan 
County loess, although containing car- 


bonate in the coarser fractions, has no 
detectable calcite in the <2 micron frac- 
tion. The Marshall County loess contains 
more illite than do the other Kansas lo- 
esses studied. Some of the diffraction pat- 
terns show a faint suggestion of a trace 
of feldspar. 

Electron micrographs of particles finer 
than two microns from Kansas loess sam- 
ples show many large, cottony aggre- 
gates (montmorillonite) and some flat 
flakes. Calcareous loess from western 
Kansas contains many long, uniformly 
narrow rods (pl. 2D) which are readily 
soluble in acetic acid. 

Kansas loess is largely derived from 
the flood plains of the major outwash- 
carrying streams during late Pleistocene 
time, particularly Platte River in Ne- 
braska north of Kansas and Missouri 
River along the northeastern edge of the 
state (Swineford and Frye, 1951). The 
Platte River source reflects the crystal- 
line rocks of the Rocky Mountains eroded 
by late Pleistocene glaciation, and Cre- 
taceous and Tertiary sediments contrib- 
uted by side-stream action; whereas the 
Missouri River source was importantly 
influenced by material from the late Ple- 
istocene continental glaciers to the north. 


CONCLUSIONS 


Judging from the localities studied in 
western Europe the field appearance of 
loess in that region is similar to that of 
the central Great Plains. The buried 
soils (or paleosols) examined were sur- 
prisingly similar to those of the Great 
Plains region, not only in great soil 
groups but also in degree of development, 





PLATE 3.—Some sample localities in western Europe. 

A.—Locality of samples 3 and 4 near St. Vallier, France. Pit (covered with boards) in lower 
part of view has yielded Villafranchian vertebrate fauna (personal communication from Pro- 
fessors Jean Viret and F. Schaub), and these deposits terminate upward in buried soil. Loess 


samples from above buried soil. 


B.—Locality of sample 5, brick pit in early Wiirm loess (personal communication from Prof. 
Dr. Dubois and Dr. Wernert, shown in photo) on intermediate terrace of Rhine Valley, near 


Strasbourg, France. 


C.—Locality of samples 7 and 8; Grafenaien pit at Mauer, near Heidelberg, Germany. The 
Pleistocene gravel of this pit, which yielded the Heidelberg jaw, is capped with a succession of 


loesses and buried soils. 
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color, textural contrast, and structure. 
It is worthy of note that the term ‘‘loess”’ 
is used by some workers in western Eur- 
ope to include deposits of various origins 
(e.g., Achenheim) that have the appear- 
ance of massive silt, but the samples re- 
ported here were collected from beds that 
were judged to be predominantly eolian 
in origin, either from field relationships, 
presence of buried soil, etc., or by the 
statement of a local expert. 

In general the European samples stud- 
ied have the same size and sorting char- 
acteristics as Kansas loess (fig. 2). They 
differ in having more clay in the finer 
fractions and generally more and coarser 
sand in the coarser fractions. In the Euro- 
pean samples the sorting is less perfect 
and the skewness is also greater. Sample 
1 from near Torino, Italy, is virtually 
identical with some samples of Kansas 
loess in texture, even though the min- 
eralogy is quite different. 

Chemically, the Kansas loess is gen- 
erally similar to the European loess 
analyzed (table 2), although it is rela- 
tively high in Al,O; and alkalies and low 
in CaO. 

The size fraction of the Kansas loess 
coarser than 44 microns is distinctly 
moré uniform in composition geographi- 
cally than this fraction from the Euro- 
pean samples. This difference is judged 
to be a result of the diversified and local 
source areas for the European samples, 
although they lie within a rectangular 
area substantially smaller than the State 
of Kansas. Volcanic ash shards invariably 
occur in this fraction of the Kansas sam- 
ples but none were found in any of the 
European samples. 

In the size fraction smaller than two 
microns Kansas loess is notable for its 
montmorillonite whereas most of the 
European samples have a 14.7 A chlorite- 
vermiculite? mineral which is thought to 
be derived from altered basic igneous 
rocks. In many of the European samples 
the 10 A reflection is sharp and may be 
produced by finely divided micas rather 


than illite. Kansas loess has somewhat 
more quartz in the fine fraction than do 
most of the European samples studied. 

In the electron microscope (pls. 1 and 
2) the Kansas material has a notably dif- 
ferent appearance because of the prev- 
alence of large cottony areas (montmoril- 
lonite), which are lacking in most of the 
European samples. Small rodlike parti- 
cles are present in both the Kansas and 
European samples. The Kansas rods are 
long, straight-sided, and relatively uni- 
form in size, and occur in clusters; where- 
as the rods observed in the European 
samples lack these characters and display 
many varied forms. The European sam- 
ples commonly show flat, well-crystal- 
lized flakes. 

The most significant conclusion of the 
study is that materials in widely sep- 
arated regions that possess so much simi- 
larity in field appearance, topographic 
relationships, soil profile development, 
texture, and stratigraphy display such 
strong differences in mineralogy. Obvi- 
ously the contrast in mineralogy in the 
coarse fraction reflects the source, and it 
is our judgment that source has exerted 
the controlling influence on the fine frac- 
tion as well. As the clay minerals found 
in the lower A horizon of an interglacial 
soil (sample 10 near Eltville, Germany) 
are essentially the same as those found 
in adjacent fresh loess, it may be argued 
that the clay minerals did not develop 
in the loess but were produced by a prior 
period of weathering or alteration of the 
source rock or were transported in an un- 
altered condition from the source rock. 
The strong contrast in the montmoril- 
lonite content seems clearly attributable 
to the presence of abundant volcanic 
glass both in the Kansas loess (where it 
may have altered to clay in place) and in 
the source rocks to the northwest which 
contain both volcanic glass and ben- 
tonites, as it has been pointed out (Grim, 
1953) that montmorillonite is not an 
abundant mineral in the glacial deposits 
of North America. 
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MARINE SEDIMENTS NORTH OF SCRIPPS SUBMARINE CANYON, 
LA JOLLA, CALIFORNIA 
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ABSTRACT 


Part of La Jolla Bay is occupied by five geographically distinct sediment types, based upon 
grain size. An isolated area now under forty fathoms of water contains coarse particles sug- 
gestive of a former beach on the rim of La Jolla Submarine Canyon; the other four types display 
a strikingly linear correlation of grain size with depth of water, represented by the following 
equation: 

Mud Percentage = 1.74 X (Depth in fathoms) — 1.93. 
A sharp change in mud percentage is found at thirty fathoms, which may correlate with the 


seaward limit of eddy water movements near shore. 
The sands consist chiefly of subangular quartz and abundant feldspar. The widely different 
hydraulic properties of mica and dark minerals are shown by their correlation with depth. 


Organic remains are uniformly distributed. 


The apparent absence of a submarine canyon offshore from a prominent land valley sug- 
gests that the forces which clear and preserve two submarine canyons on the south are lacking 


farther north. 


INTRODUCTION 


just north of La Jolla, California, 
Scripps and La Jolla Submarine Canyons 
form the southern and western margins 
of a flat shelf which extends from the 
shore to a depth of 50 fathoms and has a 
maximum width of three miles. Thus 
they outline a small area of considerable 
depth variations which offers an excellent 
opportunity to study the lateral distribu- 
tion of grain size and sediment composi- 
tion. 

A collection of 75 samples in the area 
from the beach, across the shelf, and to 
the shoreward rim of La Jolla Canyon 
was made during the summer of 1953. 
These samples were subsequently an- 
alyzed for mineralogic and biologic con- 
tent and variation of grain size in an at- 
tempt to gain a better understanding of 
the processes of sediment transport and 
deposition in a neritic environment off- 
shore from a region of rugged topography 
and relatively great recent changes in 
shoreline elevation. 


Previous Work 


Inman (1953), in the only major paper 
on sediments within La Jolla Bay, de- 
scribed their areal distribution on the tri- 
angular shelf bounded by Scripps Can- 
yon, La Jolla Canyon, and the shore (fig. 
1). In addition to the study of grain size 
and composition, Inman related the 
occurrence of sediments to the complex 
movement of water resulting from rip 
currents, longshore currents, and break- 
ing waves near shore. Samples taken at 
several intervals over the period of one 
year revealed that most sediments below 
30 feet undergo no major seasonal change. 

The most authoritative work on the 
land geology in the vicinity of La Jolla 
is by Hanna (1926). The Rose Canyon 
shale and the Torrey and Del Mar sands, 
which are exposed in 300-foot vertical 
cliffs at the edge of the sea, constitute 
important source areas for sediments in 
La Jolla Bay. 

Shepard (1951) investigated the mass 
movements of sediments at the head of 
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Scripps Canyon; and a paper by Shepard 
and Inman (1950) concerning the rela- 
tionship between water movement and 
bottom topography shows that refrac- 
tion of waves approaching shore over the 
canyon head results in wave divergence, 
while at the same time convergence oc- 
curs on the adjacent shelf areas. The re- 
sulting hydrostatic head causes long- 
shore currents north and south parallel 
to the shore. 
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GEOGRAPHIC SETTING 
Submarine Topography 


The ocean floor off the coast of south- 
ern California consists of numerous 
basins and ridges which have a northwest 
trend parallel to the shoreline (Shepard 
and Emery, 1941) and probably repre- 
sent fault blocks. Relief in this ‘‘conti- 
nental borderland”’ ranges from 4000 to 
6000 feet and contrasts greatly with the 
shelf north of Point Conception, where 
troughs and ridges parallel to the shore 
are lacking (Revelle and Shepard, 1939). 
The San Diego Trough, 20 miles offshore 
and more than 3000 feet deep, trends 
parallel to the southernmost Pacific 
shoreline of the United States before ex- 
tending into Mexican waters. A small 
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tributary of this trench, La Jolla Canyon, 
stretches eastward in a curving arc to- 
ward La Jolla Bay, 12 miles north of San 
Diego. Within La Jolla Bay the canyon 
forks and isolates a flat triangular shelf, 
which was the subject of Inman’s sedi- 
mentary study. The northern branch is 
called Scripps Canyon. 

Scripps Canyon forms a partial barrier 
to the passage of southward drifting sand- 
size particles; that material which falls 
into the canyon and collects on the floor 
builds up until it suddenly moves sea- 
ward out of the neritic environment, as 
described by Shepard (1951). Thus the 
taking of samples in the area just north 
of Scripps Canyon (the area here investi- 
gated) affords the last opportunity to 
examine the sediments before they are 
swept out to deep environments except 
for that material which moves southward 
around the canyon head. 

The featureless bottom in the area of 
investigation north of the canyon slopes 
uniformly seaward at the rate of 100 to 
150 feet per mile; it probably consists 
chiefly of submerged Tertiary formations 
covered by a thin veneer of recent sedi- 
ments. Reck tragments were found at 
Station A-7 (fig. 1). Shepard (1949) 
showed that parts of La Jolla and 
Scripps Canyons have vertical and even 
overhanging walls, which are the out- 
crops of bedrock. Three miles north of 
Scripps Submarine Canyon, the mouth 
of subaerial Soledad Valley, a swampy 
estuary half a mile wide, is almost com- 
pletely separated from the sea by a sand 
bar. Once a canyon, this valley has been 
drowned by the post-glacial rise in sea 
level. The sediments investigated herein 
are included in the area from Soledad 
Valley southward to Scripps Canyon and 
from the beach westward to the rim of 
La Jolla Canyon. This area is outlined in 
figure 1 by dashed lines. 


Currents 


Most longshore currents off the coast 
of southern California result from on- 
shore winds blowing obliquely to the 
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beach. During sampling operations with 
the E. W. Scripps extreme difficulty was 
experienced in maintaining positions be- 
cause of rapid southward longshore drift. 

Local eddy currents, which are easily 
observed when one stands on the high 
bluffs overlooking the northern part of 
La Jolla Bay, are also important; they 
are circulating water movements with 
vertical axes (Shepard and Inman, 1950) 
related to submarine topography. Be- 
cause of wave refraction, the waves, con- 
verging over the shelf areas adjacent to 
the canyon heads, result in a hydrostatic 
head that produces north and south 
longshore currents. Where such longshore 
flows meet, they join to form narrow rip 
currents flowing away from the beach. 
Certainly these cyclic water movements 
can cause a more thorough mixing of the 
sediments on the bottom than if the only 
water movements were waves and coastal 
currents. 


Land Topography and Geology 


Sea cliffs, 300 feet high and nearly 
vertical in most places, extend along the 
water’s edge the full distance between 
Soledad Valley and Scripps Canyon. 
Most of the way a beach 50 to 100 feet 
wide is present, but in a few places rocky 
points extend into the water. These 
cliffs can be considered an important 
source of sediments because their pre- 
cipitous faces indicate that erosion by 
the sea is going on at the present time. 
The entire coast in this area shows a 
series of marine terraces, illustrating a 
history of repeated emergence with in- 
tervening stillstands. 

The cliffs are capped by the Linda 
Vista Terrace (Quaternary); in the cliffs 
Rose Canyon shale and the Torrey and 
Del Mar sands of Eocene age (Hanna, 
1926) crop out. The sands contain clean 
moderately well-rounded grains of 
quartz, varying amounts of feldspar, 
some muscovite and biotite, and minor 
amounts of ferromagnesian minerals; a 
few shale beds and oyster reefs occur in 
the section. The rocks dip regionally 


southeast, but at a low angle. The Del 
Mar sand passes under later Eocene beds 
(Torrey sand) at a point about a mile and 
a half south of the mouth of Solédad Val- 
ley and from there southward forms the 
lower portion of the sea cliffs. Jurassic 
granodiorite is exposed 12 to 15 miles in- 
land. 

South of the cliffs is Scripps Beach, and 
beyond it is Point La Jolla, resting on re- 
sistant Cretaceous sandstone, which 
forms vertical cliffs pocketing coarse sand 
beaches in a few places. The famous La 
Jolla Caves have been carved in these 
cliffs by wave action. 


METHODS OF COLLECTION AND ANALYSIS 
Collection of Samples 


The E. W. Scripps, a 105-foot schooner 
especially equipped for marine research, 
was employed in deep water operations, 
and a United States Army DUKW was 
used for the collection of all samples 
within a mile of shore. Both are equipped 
with fathometers for continuous depth 
determinations while underway, and in 
addition to sample collecting, the E. W. 
Scripps was employed to conduct a 
fathometer survey on the shoreward rim 
of La Jolla Canyon. The results of that 
survey are included in the depth con- 
tours of figure 1 within the area enclosed 
by the dashed lines. Positions for sample 
collection and the fathometer survey 
were determined by measuring sextant 
angles between three known points on 
shore and by plotting the angles on a 
chart containing those three points with a 
three-arm protractor. 

Three types of sampling instruments 
were used. A 150-pound gravity corer 
with a five-foot core barrel was employed 
in areas of silt or fine sand; plastic tubes 
two inches in diameter served as liners to 
permit quick and efficient removal of the 
sample so that the corer could be reused 
immediately, A snapper-type sampler 
was used in the beginning of the opera- 
tions, but it frequently failed to close upon 
contact with the bottom. An orange-peel 
sampler was the most successful; it al- 
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TABLE 1.—Grain size equivalents 
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most always brought up material of 
sufficient volume to permit study. Its 
samples were larger than those collected 
with the corer but by reaching in through 
the top of the instrument a sample of 
similar size was easily obtained. 

Forty-five sampling stations were es- 
tablished in five ranges extending seaward 
perpendicular to the shoreline (fig. 1). 
The sampling interval is one-quarter to 
one -half mile, and the total area included 
is six to seven square miles of the Pacific 
Ocean bottom. In addition, for grain size 
analysis, eleven sampling stations along 
the beach were established, and where 
conditions permitted three samples were 
taken: (1) at the base of the cliff, (2) on 
the foreshore about half-way from the 
berm to the water’s edge at low tide, and 
(3) in the surf zone, approximately four 
feet deep. Thus a total of seventy-three 
samples were analyzed. 

In sampling operations, one must 
arbitrarily limit the lateral extent and 
the vertical thickness of the material to 
be studied. In this work all samples in- 
cluded, as nearly as possible, only that 
material which lay within 20 centimeters 
of the top. 


LABORATORY ANALYSIS 


The samples- were oven-dried, split 
with a Jones splitter, and one 40-gram 
portion was set aside for grain size analy- 
sis. The beach samples, which are almost 
entirely sand, were analyzed by the 
Emery settling tube (Emery, 1938), and 


the results are essentially comparable 
with the analyses by sieving (Poole, 
Butcher, and Fisher, 1951). Twelve 
beach samples were also sieved. Because 
the bottom samples contained clay 
minerals, it was necessary to soak them 
overnight in a dispersing solution of 
0.025 N. sodium hexametaphosphate and 
then wet-sieve them to separate the 
coarse fraction (material coarser. than 
0.062 mm or 4¢) from the silt and clay 
particles. The coarse fraction was. dried 
and sieved on screeiis with an interval of 
0.5 phi (4 Wentworth grade). Table 1 
contains a chart for converting the phi 
scale (Krumbein, 1938) to millimeters. 

Grain size distribution of the silt and 
clay material (finer than 4 @¢ or 0.062 
mm) was determined on six selected 
samples by the pipette method (Krum- 
bein and Pettijohn, 1938). 

The mineralogic and biologic composi- 
tion of the bottom samples was deter- 
mined by visual estimation, using the 
method presently employed by Shepard 
at Scripps Institution in his study of 
sediments in the Gulf of Mexico. The 
percentage by volume of the constituents 
within each 0.5 phi grade size was esti- 
mated; knowing the percentage each one 
of these grade sizes represented of the 
total sample, the total percentage of each 
constituent in the sample was computed. 
For approximately half of the samples, 
independent estimates were made by Dr. 
Shepard and the author and then com- — 
pared and averaged. Seven categories for 
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Fic. 2.—Size composition of samples. 


estimation were used: (1) light minerals, 
(2) dark minerals, (3) mica, (4) shell frag- 
ments, (5) foraminiferal tests, (6) echi- 
noid shells’ and spines, and (7) plant 
fibers. Comparison of separate estima- 
tions of the same samples indicate that 
this estimation method is sufficiently 
accurate, especially in view of the large 
sample-to-sample variation. 


PROPERTIES OF THE SEDIMENTS 
Grain Size Distribution 

Size composition—The sediments in 
the area of investigation consist mostly of 
silty very fine sand grading seaward into 
very fine sandy silt. A triangular plot of 
all sediments using as the three poles (1) 
material finer than 4 @ (clay and silt), 
(2) material between 2 and 4 @ (fine sand 
to very fine sand), and (3) material 
coarser than 2 @ (medium sand to 
granules) divides these samples into five 
distinct and non-overlapping classes, as 
illustrated in figure 2. The geographic 
location of these five classes is outlined in 
figure 3. The 2 ¢ division was chosen be- 
cause in most samples this size repre- 
sents a minimum between two modes in 
the frequency distribution; the coarse 
mode occurs only in an isolated area at a 
considerable distance offshore, the area 
of Class C in figure 3. Figure 4 illustrates 
the bimodal frequency distribution (first 
derivative of the cumulative curve) of 


SCRIPPS SUBMARINE CANYON 29 


material from Station E-8, a typical 
Class C sediment. 

The beach sands (Class B) form a well- 
defined group (fig. 2) along the side of the 
triangle representing the absence of clay 
or silt particles, which have been re- 
moved by vigorous expenditure of wave 
energy in the littoral zone. 

Sediments from the shallow and inter- 
mediate depths on the shelf form two 
separate classes (Class S and Class I) 
extending along the side representing 
the absence of coarse particles (coarser 
than 2 @), the mud content increasing al- 
most linearly with depth. Some mud is 
present in each sample because of the 
reduced wave energy in deeper water, 
and mud that is washed from the cliffs 
and canyons must settle where the water 
motion is less pronounced than at or near 
the beaches. 

Deep-water sediments from the steep 
canyon sides form a third group (Class 
D), inasmuch as they consist very largely 
of silt with some clay and very little sand. 

Class C (composed of samples con- 
taining more than three percent coarse 
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Fic. 3.—Location of the sediment classes. 
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Fic. 4.—Frequency distribution of grain 
diameter, sample no. E-8. This is a typical 
Class C sediment. 


particles, exclusive of beach sands) com- 
prises ten samples scattered throughout 
the center of the triangular diagram. Oc- 
curring at depths of 40 to 60 fathoms 
along Ranges D and E, these samples are 
quite anomalous in that they usually con- 


tain a bimodal mixture of clayey silt 


coarse sand, very coarse sand, and 
granules. The cumulative curves of these 
samples appear to indicate that silt and 
clay, the ‘‘normal’’ sediment of other 
samples in this depth range, have been 
superimposed upon a curve of coarse 
material. Figure 5 is a contour map of 
particles coarser than 2 ¢ and illustrates 
that Class C sediments occur in a com 
pact group in the northwest portion ot 
the area of investigation, separated from 
the present shoreline by a two mile strip 
in which virtually no coarse material is 
present. This intervening strip indicates 
that the coarse particles probably were 
not carried there by ordinary shoreline 
processes, and that the coarser material 
farther from shore may therefore be the 
product of surf action during a time of 
lowered sea level, perhaps during a 
glacial maximum. As the sea level rose 
to its present height, drowning Soledad 
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Valley, the old beach sediments of the 
outer shelf were mixed with silt and clay, 
producing the bimodal curve found in 
that area today. 

Median grain diameter.—Median grain 
diameter varies from 1.4 @ (0.379 mm, 
medium sand) in the Class C group to 
5.2 @ (0.027 mm, medium silt) on the 
canyon rim. The decrease in diameter 
from the surf zone outward (except for 
Class C) is correlative with the increase 
in depth according to the least squares 
equation 


Md¢ =0.0208D + 3.30 


where Md¢ represents the median diam- 
eter in phi units and D represents the 
depth of water in fathoms. This strik- 
ingly linear relationship, with a correla- 
tion coefficient of +0.95 holds true to 
depths of 120 fathoms. The only excep- 
tion is in the northwest portion of the 
area where the median diameters of the 
Class C sediments increase erratically. 
Cumulative curves of those samples are 
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Fic. 5.—Distribution of coarse particles. 
Values in percent by weight of the total 
sample. 
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Fic. 6—Mud-depth relationship. The equation for the line is: 
Mud = 1.74 (Depth in Fathoms) — 1.93. 





nearly flat in the 40 to 60 percent range 
because of their strongly bimodal char- 
acter, and thus their median diameter ian las 
values are unreliable. a 

Mud Content.—The term ‘‘mud”’ is SCALE (Ni eRe 
used throughout this paper to include all 
particles finer than 4 ¢ —i.e., silt and 
clay particles. A diagram of percent of 
mud versus depth in fathoms (fig. 6), 
shows a remarkably linear trend for all 
samples except those of Class C, which 
scatter randomly throughout the dia- 
gram. The samples shallower than forty 
fathoms yield a correlation coefficient of 
depth with mud content of +0.92, and 
the relation can be represented by the 
least squares equation 


M =1.74D—1.93 








where M is the percent of mud and D is 
the depth in fathoms. The high correla- 
tion coefficient means that among all of 
the factors which determine mud con- Fic. 7.—Mud content. Values in percent 
tent, the water depth is responsible for by weight of the total sample. 
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most of the variation. This adds sup- 
porting evidence to the generalized text- 
book statement that mud content in- 
creases with depth where wave action is 
dominant. Figure 7, a contour diagram 
of percent of mud, illustrates a small per- 
cent terrace —i.e., the mud content re- 
mains essentially constant at about 15 
percent for a distance of some 4000 feet 
offshore and then suddenly increases 
to about 35 percent at twenty fathoms, 
without any noticeable change in topog- 
raphy. Perhaps this is a result of the 
eddy motion of water near shore (Shep- 
ard and Inman, 1950), since it seems 
likely that the outgoing rip currents 
would cause a more thorough mixing of 
sediments near shore than would occur 
in the absence of such currents. Samples 
with less than 25 percent silt and clay 


Class 


Samples 


TABLE 2.—Classification of sediments 


WIMBERLEY 


fall into Class S of the triangular dia- 
gram (fig. 2) and those with 33 to 73 
percent silt and clay fall into Class I. 
The mud fraction (material finer than 
4 $) of most of the sediments consists 
chiefly of silt-size igneous and metamor- 
phic rock minerals. In the shallow water 
samples, the 4.0 to 5.0 phi interval is 
mostly heavy minerals, while in sedi- 
ments from,.deepest waters, containing 
less than five percent sand, the fine frac- 
tions are three-quarters silt-size grains 
and one-quarter clay-size grains. Clay 
minerals themselves (mostly illite) form 
only a very small amount of the sedi- 
ment, as indicated by X-ray analyses. 
The lack of clay minerals probably re- 
sults from the relatively arid climate 
which retards the chemical decay of 
feldspars and from the relatively rugged 
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TABLE 3.— Mineral composition 
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topography of the California coast. 

Classification summary.—A natural 
grouping of sediment types, which on 
the basis of these samples occupy dis- 
tinct, non-overlapping geographic units, 
exists for the area north of Scripps Canyon 
(Table 2). The unusually coarse bimodal 
nature of Class C sediments suggests the 
superposition of present sedimentation 
conditions upon a former area of coarse 
material, such as might have been formed 
along a beach during time of lower sea 
level. 


Mineralogic and Biologic Content 


Of the seven major constituents in the 
coarse fractions of these samples, three 
(light minerals, dark minerals, and mica) 
have areal distributions highly significant 
of their hydraulic properties. Four of the 
constituents (shell fragments, foraminif- 
eral tests, echinoid shells and spines, and 
plant fibers) constitute a higher percent- 
age of the coarse fractions in deeper water 
samples. Since the coarse fractions be- 
come smaller in deeper waters, this may 
merely represent a uniform distribution 
of organic material throughout the entire 
area. In addition to the above constit- 
uents, ostracods, radiolarians, diatoms, 
and fish teeth occur in some of the sam- 
ples. 

Light minerals—The light mineral 
group includes all the light-colored ter- 
rigenous minerals, which are chiefly sub- 
angular quartz and feldspar. It also in- 
cludes a few shale fragments and worm 
pellets composed of tiny particles of all 
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types, but both of these are essentially 
light-weight material. The range of light 
minerals is between 72 and 97 percent of 
the coarse fractions, the largest percent- 
age occurring on the beach and in the 
area of Class C sediments. In the latter 
are found coarse quartz and feldspar 
sands and abraded but subangular gran- 
ules of vein quartz and _ fine-grained 
quartzose schist, which may be the re- 
mains of the old beach, now under 40 
fathoms of water. 

A count of minerals in seven selected 
samples (table 3) revealed that the ratio 
of quartz to feldspar grains is approxi- 
mately two or three to one, indicating 
that sediments in this area constitute a 
marine arkose resulting from violent 
tectonic activity, a conclusion corrobo- 
rated by the earthquakes and elevated 
marine terraces. 

Dark minerals—The dark mineral 
group includes all dark-colored particles 
excepting mica, plant fibers, and gray 
rock fragments, all of which would act 
hydraulically as light-weight material. 
The dark minerals consist chiefly of dark 
greenish hornblende and minor amounts 
of glaucophane, epidote, garnet, and 
apatite; thus they give a good indication, 
except for zircon, of the heavy mineral 
content. The range is between zero and 
18 percent of the coarse fractions of the 
bottom samples, with greatest abundance 
near water of five to 15 fathoms (fig. 8); 
here, too, the fine fractions (which are 
mostly silt) consist chiefly of heavy 
minerals, and as a result the heavy 
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Fic. 8.—Distribution of dark minerals. Values 
in percent of the coarse fraction. 


mineral content is greater than shown on 
the map. The maximum of heavy min- 
erals just seaward of the surf zone results 


from the inability of water to transport 
them farther. 

Mica.—The mica group, which in- 
cludes fresh biotite and a little muscovite, 
averages six to seven percent of the sedi- 
ments, the greatest concentrations oc- 
curring in intermediate depths (fig. 9). 
The plate-like mineral is carried away by 
currents too weak to transport nearly 
spherical grains of the same size. Thus 
any mica near shore is picked up by wave 
action and remains in transport until the 
water movement becomes too weak to 
suspend it; it is deposited farther from 
shore with quartz of much smaller size. 

Shell Fragments.—Gastropod, scaph- 
opod, and pelecypod shell fragments, 
most of which were broken on arrival at 
the surface and others unavoidably 
crushed during the subsequent labora- 
tory processing, constitute between 0.01 
and 18 percent of the fractions larger 
than 4.0 phi. The greatest abundance 


within the coarse fractions occurs near 
the rim of La Jolla Canyon. If the shell 
material were of uniform concentration 
throughout the area, a seaward decrease 
in total coarse fraction material would 
produce a corresponding increase in shell 
material by default, resulting in the 
distribution actually found in this area. 

Foraminiferal tests.—Foraminifera, 
both whole and fragmental, show a cor- 
relation with depth similar to the other 
shell materials—i.e., within the coarse 
fraction they have greater abundance in 
deeper water. The range is between zero 
and seven percent, but since the coarse 
fraction decreases outward, a uniform 
distribution of foraminifera would show 
a corresponding increase, as its does here. 

Echinoid shells and spines——The class 
that includes both spines and echinoid 
shell fragments, which have an easily 
recognizable ‘‘sugary’’ appearance, consti- 
tutes less than three percent of any sam- 
ple. Investigations at Scripps Institution 
have found these shells indicative of cer- 
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Fic. 9.—Distribution of mica. Values in 
percent of the coarse fraction. 
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tain environments, but in La Jolla Bay 
they are scattered throughout with no 
apparent correlations. 

Plant fibers—The plant fiber group, 
including fragmental leaves and stems of 
marine plants, shows no correlation with 
depth in the area investigated. Nosample 
contains more than two percent plant 
fibers, and most of them contain less than 
0.5 percent in the coarse fractions. 


INDICATIONS OF A BURIED SUB- 
MARINE CANYON 


The origin of submarine canyons has 
been a field of much study and specula- 
tion in recent years. It seems doubtful 
that a single explanation of origin will 
ever fit all canyons; it is more probable 
that continued study will again and again 
demonstrate that these phenomena must 
be analyzed individually. 

In addition to genesis, the student of 
submarine topography must explain why 
nearshore submarine canyons are not 
quickly filled with sediments, as the 
tendency of marine erosion and deposi- 
tion is to smooth out an irregular bottom. 
Coastlines may contain hundreds of sub- 
marine canyons that join with subaerial 
canyons to reflect ancient drainage, but, 
if the submarine portions of these valleys 
have been filled with neritic sediments 
since submergence, only geophysical sur- 
veys will dislcose them. Origin of the 
unfilled canyons is no greater mystery 
than their preservation. 

La Jolla Canyon is the continuation 
of a broad valley, two miles long and half 
a mile wide, which cuts through the ter- 
race overlooking the sea. Scripps Canyon 
is the submarine continuation of a small, 
steep canyon, less than a third of a mile 
long and cutting through 300 feet of 
sandstone and shale. This evidence points 
strongly toward a subaerial erosional 
origin, but does not explain the factors 
involved in keeping the canyons cleared 
of sediment today. Farther north, Sole- 
dad Valley is an even more prominent 
topographic feature, yet no apparent 
present-day submarine canyon connects 


it with the ocean depths. In an early dis- 
cussion of California submarine canyons, 
William Morris Davis (1934) stated that 


“ 


..ordinary depositional processes, 
which have unquestionably been acting to 
build up the shallower sea floor adjoining the 
submarine valleys, ought to have obliterated 
the inner parts at least of the existing sub- 
marine valleys, unless some marine process of 
opposite nature and still in operation had kept 
them empty.” 


Examination of the depth contours of 
figure 1 reveals that not only does the 
broad estuary just north of Station T-i 
make one suspect a submarine continua- 
tion similar to La Jolla Canyon, but the 
small submarine valley near Stations 
C-6, C-7, and C-8 suggests its point of 
junction with La Jolla Canyon. Perhaps 
the processes which maintain and pre- 
serve Scripps and La Jolla Canyons to 
the south near Point La Jolla do not pre- 
vail farther north, where former canyons 
may have been filled and disappeared. 
One such buried canyon would form the 
missing link between Soledad Valley and 
La Jolla Canyon, uniting all of the can- 
yons, subaerial and submarine, with the 
San Diego Trough in a single drainage 
pattern. 


CONCLUSION 


The two diagrammatic profiles in fig- 
ure 10 represent the more important re- 
sults of the investigation in this area. 
Each of these generalized sections, paral- 
lel to the ranges, represents typically the 
variations in grain size and mineral 
composition from east to west. Range 
D-E, on the north, stretches across a 
shelf width nearly twice as great as that 
of Range A-B, on the south where La 
Jolla Canyon approaches nearer to the 
present shoreline. An unusual increase 
in coarse particles (coarser than 2 @) oc- 
curs in the northern range two to three 
miles from the beach, whereas the sam- 
ples from the intervening area contain no 
such particles; it is concluded that the 
coarse particles are probably not being 
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derived from present-day erosion of the 
coast; rather these abraded grains may 
represent the former beach of a lower 
sea level. If so, the oceans must have 
overlapped the shelf approximately one 
mile, drowning La Jolla Canyon to the 
present-day 40-fathom contour. The 
coarse particles are absent from the two 
southern ranges (A and B), possibly be- 
cause the steep canyon walls permitted 
fragments to fall to the floor of the can- 
yon. 

Except in this anomalously coarse area, 
the sediments show a strikingly linear 
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Fic. 10.—Diagrammatic profiles. Profile of 
Range A-B is a composite section representing 
the composition of Range A and Range B. 
Range D-E represents Range D and Range E. 


increase of mud content (actually largely 
silt) with depth, represented by the fol- 
lowing equation: 


Mud percentage=1.74 (Depth in fath- 
oms)—1.93 


The sudden drop in mud content about 
a mile offshore (probably caused by rip 
currents) is plainly reflected in both pro- 
files of figure 10; dark minerals occur in 
highest percentage shoreward of this per- 
cent scarp, whereas mica is concentrated 
on the seaward side of this feature. As 
there is no topographic break along this 
line, these facts illustrate the different hy- 
draulic properties of mica and the dark 
minerals. 

There are three possible sources for the 
sediment: (1) the high sandstone and 
shale cliffs that face the Pacific Ocean, 
(2) the igneous area in the interior, which 
is drained through Soledad Valley, and 
(3) that portion of the coast north of La 
Jolla Bay from which sediments may be 
carried southward by coastal currents. 

Most probable source areas for these 
sediments are the 300-foot cliffs immedi- 
ately behind the beach, for the mechani- 
cal analyses indicate continuous decrease 
in grain size outward from shore, but not 
southward parallel to the beach. In addi- 
tion the precipitous cliffs are due to ac- 
tive wave action at the base. Steep gullies 
in these cliffs may also yield important 
quantities of sediments during rains. In 
subsequent studies of this area, samples 
from these cliffs should be compared with 
samples of bottom sediments; similarities 
and differences in roundness, grain size, 
mineral types, and other characteristics 
might lead to the discovery of the source 
of these sediments. There can be little 
doubt, however, that this area of investi- 
gation represents the last nearshore posi- 
tion before the sediments are carried to 
deeper waters via La Jolla and Scripps 
Canyons. 
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TWO UNUSUAL OCCURRENCES OF MICROSTYLOLITES 





BENJAMIN H. BURMA anp CHARLES M. RILEY 
University of Nebraska, Lincoln, Nebraska 


ABSTRACT 


Microstylolites are here reported in both quartzite and in welded tuff. Descriptions of these 
unusual occurrences and accompanying photomicrographs suggest difficulties in applying the 
widely held theory of pressure—solution for the origin of these features. 


INTRODUCTION 


The purpose of this paper is to place 
on record two unusual occurrences of 
microstylolites. One example concerns 
microstylolites in quartzite, discovered 
by Burma; the other in what is appar- 
ently a welded tuff, discovered by Riley. 

There are few records of stylolites in 
quartzite in the literature. Conybeare 
described microstylolites from an early 
Proterozoic quartzite (Conybeare, 1949) 
and casually mentioned another such oc- 
currence (Conybeare, 1950). Tarr (1916) 
described macrostylolites from Dakota 
quartzite in Colorado. Price described 
problematical macrostylolites in Medina 
quartzite (Price, 1934). 

Stylolites in quartzitic sandstone 
have a slightly more extensive record in 
the literature. Andrews (1947), Price 
(1934) and Stockdale (1936, 1945) have 
described macrostylolites in quartzitic 
Pennsylvanian (Pottsville) sandstone 
along the Appalachian area from Mary- 
land to Alabama. Sloss and Feray (1948) 
similarly described microstylolites in a 
Cretaceous quartzitic sandstone in Mon- 
tana. 

All the above authors attribute the 
stylolites in sandstones and quartzites 
to pressure-solution. Shaub (1947, 1950) 
has disputed this origin, but his alter- 
native theory seems even less capable 
of accounting for the phenomena de- 
scribed. 


MICROSTYLOLITES IN THE 
SIOUX QUARTZITE 


The microstylolites in quartzite ob- 
served by us were found in a glacial cob- 
ble found in the vicinity of Lincoln, 
Nebraska. It rather obviously came from 
the outcrop area in eastern South Da- 
kota—southwestern Minnesota. The 
Sioux quartzite of this area is virtually 
undisturbed, and apparently has never 
been subjected to an orogeny, in contra- 
distinction to the quartzites and sand- 
stones mentioned above. This is sub- 
stantiated by the unstrained, uncrushed, 
unsheared nature of the quartzite speci- 
men in hand. 

The quartzite itself is composed of a 
poorly sorted mixture of coarse sand to 
silt. The subangular nature of the grains 
and the low degree of sorting suggest 
that the original sandstone would have 
had a low porosity. The small amount of 
original pore space has in the main been 
filled with mosaic quartz. (figs. 1, 2) 

The quartzite shows a rude graded 
bedding, and the microstylolites are ap- 
parently concentrated at the lamella 
boundaries, although not entirely re- 
stricted to them. They usually make their 
way between the grains, many of which 
show beautifully sutured boundaries, but 
occasionally cut across a grain or across 
an area of quartz cement. For these 
reasons, there seems to be no doubt that 
the stylolites formed after the quartzite 
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Fic. 1.—Microstylolites in Sicux 
quartzite. X30. 


was cemented into a 
virtually free of voids. 

The situation is peculiar. Here are well 
developed microstylolites in a_ highly 
insoluble rock which could have had 
little or no circulating water in it. The 
petrographic study yields little evidence 
of particularly deep burial, or meta- 
morphism of consequence, and no evi- 
dence of orogeny is reported for this area 
of the Sioux outcrops. In these circum- 
stances, the pressure-solution theory 
seems difficult to apply, but we can sug- 
gest nothing better. 


rock which was 


MICROSTYLOLITES IN WELDED TUFF 


No references have been found in the 


Fic. 2.—Microstylolites in Sioux 
sandstone. X80. 


literature to stylolites in tuffs. It thus is 
doubly unfortunate that no locality data 
can be given for our specimen. It was 
part of a collection purchased many 
years ago and on which no data remain. 
The character of the material suggests 
that it is of middle or late Tertiary age 
and is from the western United States. 
The rock itself is a tuff and almost cer- 
tainly a welded tuff. Pore space is ap- 
proximately nil. The rock is a dark-red 
aphanite, of procelainous luster, contain- 
ing numerous light colored small ‘“‘pheno- 
crysts.’’ In thin-section, (fig. 3) shard- 
phantoms are quite evident as is a 
strongly developed layering displaying 
minute compaction structures. Miner- 
alogically, the rock carries albite, ortho- 
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Fic. 3.—Microstylolites in welded tuff. X30. 


clase, quartz, and biotite and abundant 
devitrified glass, with secondary sericite, 
chlorite, hematite, and leucoxene. 

A most striking feature is the ex- 
tremely well developed microstylolites 
which cut indifferently across all the 
minerals. They appear to occur in three 
inclined sets, one approximately parallel 
to the layered structure. The suture is 
characteristically lined with chlorite, or 
less commonly sericite. Here again there 
is the difficulty of accounting for a sup- 
posed solution feature in a well-nigh im- 
pervious rock. The occurrence of the sty- 
lolites in three sets is also a complication 
and suggests that static load is not re- 
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sponsible. The chlorite in the sutures than one would expect as a result of the 
suggests some hydrothermal action, but self alteration by hot gases in a cooling 
although all the feldspars are somewhat ash-bed. No satisfactory explanation 
sericitized, the extent of itis hardly more _ presents itself. 
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SAND PIPE FROM THE SEA FLOOR OFF CALIFORNIA 


HIROSHI NIINO 
Tokyo University of Fisheries, Tokyo, Japan! 





ABSTRACT 


A sand pipe dredged from the sea floor off California is believed to have formed as a crab 
or worm burrow in Miocene sediments. Its shape is similar to other sand pipes dredged off 


Japan. 


INTRODUCTION 


This paper describes a sand pipe which 
has been preserved for about 15 years in 
the museum of the Scripps Institution of 
Oceanography at La Jolla, California. 
It is the largest and most perfectly pre- 
served of several dredged in 1938 from 
the east wall of the Point Dume sub- 
marine canyon at Latitude 33°58.6’ N., 
Longitude 118°48’ W., 420 meters deep. 
The dredging was done form the re- 
search vessel E. W. Scripps of the Scripps 
Institution by F. P. Shepard, K. O. 
Emery, and R. S. Dietz. 

This is the only known case of sea floor 
sand pipe found along California, but 
similar pipes have commonly been 
dredged off Japan (Niino, 1933, 1952). 
The author has recovered them from 14 
stations at depths between 74 and 604 
meters. The Japanese sand pipes are vari- 
able in shape, some being straight and 
others branching, but almost all display 
a straight cavity. They are composed of 
hard calcareous sandstone which con- 
tains many kinds of fossils such as mol- 
lusks, foraminifera, portions of crabs, 
etc. The fossils and sand grains are ran- 
domly oriented and are cemented by cal- 
cite, aragonite, or clayey materials. 

Sedimentary rocks usually accom- 
panied the Japanese sand pipes; thus, it 
is likely that the pipes have been eroded 
from these rocks so that they are fossil 
rather than recent. Seventh-five pieces of 


! Visiting Research Associate, Scripps In- 
stitution of Oceanography, La Jolla, Califor- 
nia. 


concretionary limestone of Miocene (?) 
age were dredged with the sand pipes at 
the Du: ie Canyon locality (Emery and 
Shepard, 1945) so the fossil nature of the 
sand pipe described here is also likely. 

The fragments of fossil crabs and worm 
mandibles that commonly are associated 
with Japanese sand pipes suggest that 
the pipes originated as crab or worm bur- 
rows formed at the time that the sedi- 
mentary rock was deposited. The similar 
appearance and construction of the pipe 
described here suggest the same origin 
although few identifiable crab or worm 
fossils were found. 


DESCRIPTION OF THE SAND PIPE 


The sand pipe is almost straight, 72 
cm long, t1 cm in diameter at the open 
front end and tapers to six cm at the 
closed rear. In the center along the axis 
there is a cavity which is open in front 
and closed at the rear. The diameter of 
this cavity is 7.5 cm at the front but it 
abruptly becomes narrower at a distance 
of about 20 cm from the opening; from 
this point to the closed end the diameter 
of the cavity is about four cm. The wall 
thickness of the pipe is 4.5 cm at the 
opening and 3.5 cm from the middle to 
the end but the terminate wall is only 
one cm thick. The end of the cavity is 
partially blocked by a recent fill of sandy 
clay. 

The inner surface of the cavity is very 
smooth except at the front opening and 
at the terminal end. Near the opening, 
the surface of the cavity is rough and 
many organisms are attached. At the in- 
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ner surface of the closed end there is a 
peculiar kind of relief that is characteris- 
tic of the terminal configuration of a crab 
hole. 

The outer surface of the sand pipe is 
rough and shows an alternation of ridges 
and grooves which are arranged obliquely 
to the axis. It seems that their relief 
might have originated by the varied 
hardness of layers of strata in which the 
sand pipe was formed. Many small 
grooves and holes made later by boring 
organisms also can be observed on the 
surface of the sand pipe. Recent organ- 
isms attached to the surface of the sand 
pipe include bryozoans, barnacles, corals, 
and worm tubes. It is evident that the 
pattern of attached organisms is not 
uniform but one side has more than the 
other side. It appears likely that the sand 
pipe may have been rolled on the bottom 
but that the side with the most organ- 
isms and holes was usually uppermost. 


STRUCTURE OF THE SAND PIPE 


The sand pipe is made of calcareous 
sandstone which contains fossils with no 
systematic arrangement in the rock. 
They include a pelecypod (Yoldia sp. 
indet.), a gastropod (Certhium sp. indet.), 
two kinds of foraminifera (Rodulus sp., 
Quinqueloculina sp.), and some poorly 
preserved fragments of crabs. 

The wall of the pipe consists of three 
differently colored layers. Around the 


internal cavity is a thin layer of yellowish 
soft sandstone, about one cm thick. This 
layer is easily distinguished from the 
main layer by its softness and color. 
Along the circular boundary between in- 
ner layer and main layer are several holes 
made by organisms. These holes begin 
their opening at the inner surface of the 
cavity and are drilled through the soft 
layer but at the contact with the hard 
main layer they turn and follow the 
boundary. 

The main layer, when observed with a 
microscope, is seen to have a predomi- 
nance of quartz and biotite grains which 
are arranged perpendicularly to the axis 
of the sand pipe. Some tests of foraminif- 
era are present. At a depth of three to 
eight mm from the outside of the main 
layer is a black zone having a thickness 
that varies between one and three mm. 
Small grains of concretionary limonite 
can be observed, but it is uncertain that 
the color of this zone originates from this 
mineral. The appearance is closely allied 
to the “‘liesegang rings’’ which are com- 
mon in homogeneous sedimentary rock; 
therefore, it is possible that the black 
zone was formed in the sand pipe during 
the time when it was resting loosely on 
the sea floor or during the time that it 
has been kept in the museum. 

Outside of the main layer is a thin layer 
of whitish-gray sandstone which forms 
the surface of the sand pipe. It is weath- 
ered and pitted by boring organisms. 


LEGEND FOR PLATE 1 


. Appearance of the sand pipe. The scale on the pipe is 15 cm long. 


. Terminal outside of the sand pipe. 


3. Cross-section at 45 cm from the opening. 


. Section next to number 3. 


. Longitudinal section at 45 cm from the opening. 


Cross- section at six cm from the terminal. 


is filled by clayey mud. 
. Inner view of the terminal cavity. 


Two-thirds of che area of the inner cavity 


. Photomicrograph of a thin-section of the sand pipe (transversal section, X32). 

. Photomicrograph of longitudinal section (X32). 

. Longitudinal section of the sand pipe showing biack spotted zone and inner soft ) ellow- 
ish layer. Large black spots are the holes of boring organisms. 

. Cross-section at six cm from the terminal. Sandy clay fills part of the cavity. 

. Appearance of the outer surface of the terninal. 

. Characteristic striae in the inside of the terminal of the cavity. 
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CLASSIFICATION OF PERMIAN ROCKS OF WESTERN TEXAS BY A 
VERSENATE METHOD OF CHEMICAL ANALYSIS! 
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Southern Methodist University, Dallas, Texas 


ABSTRACT 


There is much confusion regarding the classification of the more common carbonate rocks 
of the limestone-dolomite series and the combinations of these with silt or clay. A modification 
of Pettijohn’s quantitative scheme is applied to Permian rock samples? by the use of a versenate 
method of chemical analysis. In the Permian rocks of the Malone Mountains, the Black 
Brecciated limestone is actually a dolomite and the Buff limestone a mixture of calcitic dolo- 
mite, dolomite, and dolomitic limestone. Likewise, some of the rocks in the Permian system of 
the Finlay Mountains that have been called “limestones” are in reality dolomitic limestone, 


while certain 


INTRODUCTION 


There is much confusion regarding the 
classification of carbonate rocks. Petti- 
john (1948), Shrock (1948), Krynine 
(1948), and Rodgers (1950) all agreed 
that the existing suggested classifications 
are unsatisfactory. Later, Shrock (1948) 
proposed a classification based primarily 
on the mode of formation of the particles 
or crystals and, secondarily, on descrip- 
tive characteristics, but without any 
name for the gradational rocks in the 
limestone-dolomite series. Grabau (1904) 
proposed a genetic classification which, 
according to Pettijohn (1949), has not 
found favor mainly because of the con- 
siderable number of unfamiliar rock 
names. Also, in most cases, it is desirable 
to name a rock before undertaking the 
problem of its origin. Krynine’s (1948) 
descriptive classification fails to cover 
rocks that are mixtures of clay, calcite, 


‘ Condensed from the thesis submitted by 
Richard G. Guerrero to the Graduate School 
of Southern Methodist University in partial 
fulfillment of the requirements for the Master 
of Science degree. Present address: Shell Oil 
Company, 1503 West Ashby, San Antonio, 
Texas. 

* The authors wish to express their ap- 
preciation to Dr. Claude C. Albritton, Jr., 
Professor of Geology, Southern Methodist 
University, who supplied the samples and 
suggested this series as appropriate for study 
since it appeared to show gradations between 
calcitic and dolomitic rocks. 


‘shales’’ are consolidated dolomitic limestone marls. 


and dolomite, and, therefore, falls short 
of a comprehensive system for carbonate 
rocks. 

Van Tuyl, (1914), in his extensive 
study on the origin of dolomite, states 
that the attempted classifications of 
limestone and dolomite show much un- 
certainty and lack of regard of the im- 
portance of the magnesia content in the 
rock. 

Of all the proposed systems of classi- 
fication, Pettijohn’s (1949) chemical 
scheme seems to be the only one which 
allows an accurate classification of the 
intergradations of the carbonate rocks. 
In. this report, a modification of Petti- 
john’s quantitative scheme is proposed 
and is applied to Permian rock samples 
by the use of a versenate method of 
chemical analysis. 


PROPOSED CLASSIFICATION CHART 


The bottom line of the chart is made 
of divisions obtained by converting the 
limestone-dolomite percentages of the 
calcite-dolomite mixtures from Petti- 
john’s (1949) classification into a mole 
ratio of the calcium oxide to the mag- 
nesium oxide. Pettijohn’s percentages 
based on 100 percent carbonate material 
are no longer used, for the mole ratio line 
represents the total carbonate fraction 
whether it makes up 100 percent of the 
sample or less. If there is insoluble resi- 
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PROPOSED CLASSIFICATION CHART CALCITE DOLOMITE CLAY SERIES 
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Marly lime- 
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| Calcitic 
dolomite 


Dolomite 


| Dolomitic | 
| limestone | 


Magnesian Limestone 


limestone 








2.85 17.67 
Mole Ratio Ca0/MgO 


36.19 





due in the form of clay, then both the 
horizontal and the vertical scales are 
used to obtain the proper name. On the 
vertical scale, the division between five 
and 25 percent clay includes a prefix of 
“marly. ...’’ The term ‘‘marl’”’ is used 
between 25 and 75 percent clay while the 
divisions 75 to 95 percent clay include the 
term ‘‘...clay’’ as a suffix. Rocks hav- 
ing from zero to five percent clay are 
given Pettijohn’s (1949) names while 
those having 95 to 100 percent clay are 
termed ‘‘clay.”’ 

Since modification of Pettijohn’s 
scheme involves percentages and mole 
ratio, it must be coupled with chemical 
analysis of calcium, magnesium and in- 
soluble residue present. The analytical 
methods used in most rock laboratories 
at present are either very time consuming 
or else do not have sufficient accuracy 
for correct classifications. 


METHODS OF ANALYSIS 


Several rapid but relatively inaccurate 
methods have been proposed to deter- 
mine the chemical compositions of car- 
bonate rocks. They include staining 
techniques and boiling the rock with a 
known amount of hydrochloric acid and 
determining the amount of carbon diox- 
ide evolved. The standard classical chem- 


ical methods used for determining cal- 
cium oxide and magnesium oxide are far 
too laborious and time consuming for 
the everyday classification of carbonate 
rocks. 

Banewicz-Kenner (1952) recently pro- 
posed a modification of the versenate 
titration for total hardness in water 
which is applicable to carbonate rocks. 
This method is faster and simpler than 
the classical analytical methods used for 
determining calcium and magnesium in 
limestones and gives results of satisfac- 
tory accuracy. 

By the use of this method it is possible 
to calculate the mole ratio of calcium 
oxide to magnesium oxide more easily 
than by the use of the percentage data, 
since the ratio of milliliters of titrant for 
calcium to milliliters of titrant for mag- 
nesium gives the mole ratio directly. 
This may be made the basis for a rapid, 
simple, and sufficiently accurate classifi- 
cation of the limestone-dolomite series. 
After analysis, the name of the carbonate 
rock is determined by reference to the 
modified Pettijohn scheme and _ the 
qualifying adjectives are obtained by 
examining the insoluble residue. 

An even more rapid, but less accurate, 
method of analysis is available since the 
actual percentage composition is not 
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necessary in the classification of the 
rock. By this method, it is not necessary 
to know either the weight of sample or 
the concentration of the versenate. In 
such a procedure a rock sample is dis- 
solved in hydrochloric acid and two 
equal volume aliquots are obtained using 
a pipette. One is titrated for total cal- 
cium and magnesium, and the other is 
titrated rapidly for magnesium in the 
presence of the precipitated calcium 
oxalate. Time required for the mag- 
nesium titration is thus considerably 
shortened, but the calcium may be as 
much as 1.5 to two percent low and the 
magnesium 1.5 to two percent high. How- 
ever, this is usually accurate enough for 
the purpose of classification. With prac- 
tice an efficient operator could probably 
reduce this error to less than one per- 
cent average. The results of seven sam- 
ples run by the usual method and by this 
fast method are shown in table 1. It 
should be noted that the results by the 
rapid method did not affect the classifica- 
tion of any of these samples. 


TABLE 1.—Comparison of results by regular 
and fast titration 


| Regular | Fast | 


titra- 
tion 


| | | _.% 
89 | | 38. 37.26 
| 5.96 


titra- 
tion 


Samle | Oxide | 
| 





| | | 
91 | | 25.81 | 25.34 
| | 4. 77 


147 | Ca | 37.53 | 36.95 
| | 3.28 
59 

49 


20 
3.93 


.89 
41 


3.04 
.70 





The mole ratio determined by the 
rapid method does not give percentages 
of constituents but only an index number 
that may be used to classify the carbon- 
ate material rapidly. The use of this 
ratio (table 2) reduces the time and 
amount of laboratory technique involved, 
and considers only the calcium oxide and 
magnesium oxide present in the carbon- 
ate rock. With experience, the regular 
method requires an average of approxi- 
mately one hour of actual laboratory 
time per sample if a series of ten samples 
are run simultaneously and the fast 
titration method requires approximately 
one-half this time. 

All the magnesium is assumed to be in 
the form of dolomite and any calcium 
in excess of the amount required for a 1:1 
mole ratio with the magnesium is as- 
sumed to be in the form of calcite. 


APPLICATION TO PERMIAN ROCKS 
OF WESTERN TEXAS 


Most of the carbonate rocks in the 
Permian of western Texas have been 
called limestone when actually many of 
them are dolomitic. King (1948) has 
noted that the Capitan formation of the 
Guadalupe Mountains is more dolomitic 
than calcitic. This fact has long been 
recognized (Lloyd, 1929, Crandall, 1929, 
Blanchard and Davis, 1929); yet, the 
name remains the Capitan limestone, 
officially and by common consent. 

One may argue that limestone should 
be retained as a class name for all rocks 
made predominantly of calcite or of the 
mineral dolomite or of the two mixed in 
varying proportions. A rock made en- 
tirely of the mineral dolomite still con- 
tains more lime (30.4 percent) than mag- 
nesia (21.9 percent). To call such a rock 
dolomite is ambiguous as the name of a 
mineral is thereby given to a rock. Fur- 
thermore, there is evidence that many 
dolomitic rocks originated as calcitic 
limestones. 

On the other hand, rocks with widely 
varying chemical characteristics should 
not be lumped into one class name, since 
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TABLE 2.—Percentages and mole ratios of the limestone-dolomite series 





| Molar Ratio 
%. | >... | % CaO 
Calcite | Dolomite | MgO —— 
MgO 








Type 





Limestone | Oto 1. 36.19 or over 
Magnesian Limestone | ; Lt : 36.19 to 17.67 
iz 


Dolomitic Limestone : 2 ol 17.67 to 2.85 
Calcitic Limestone ; | 10.9 to 19. "4 2.85 to 1.20 
Dolomite | leit -tor2t -9 1.20 to 1.00 





this tends to obscure important differ- Malone and Finlay Mountains of south- 
ences that may be of use in correlations ern Hudspeth County, Texas. 

or in the deciphering of geologic history. In the Malone Mountains the Permian 
An excellent illustration of this situation system is represented by 630 feet of in- 
is provided by the Permian rocks of the terbedded gypsum and carbonate rocks, 


TABLE 3.—Analysis of carbonate rocks from the Briggs formation 
. J &2 J ’ 
Malone Mountains area 


Specimen 


Analysis 


Molar 
Classifica- Ratio 


tion in Classification by Locality CaO/MgO| % % | % 
previous chemical analysis | AI* | CaCO;} MgCO. 
reports 


Pe 
other 
solu- 
blest 


BUFF DOLOMITE MEMBER 


Pisolitic Pisolitic calcitic So of Geena Switch, oa 0.63 
limestone dolomite Malone Mts. | 
Pisolitic Pisolitic dolomite From hill at point, 4664 . 0.37 | § 

limestone Malone Mts., Fort 
Quitman Quadrangle 
Pisolitic Pisolitic dolomite South of Gypsum Switch, 05 6.28 | 5 
limestone Malone Mis. | 
Limestone Dolomitic limestone South of Gypsum Switch, | 4 0.52 
Malone Mts. | 
Limestone Dolomitic limestone 1.6 mi. southwest of Tor- | + 0.87 
cer Station, Malone 
Mts. 


INTERVAL BETWEEN BUFF AND BLACK DOLOMITE MEMBERS 


Limestone Dolomite interbedded | South a Gypsum  Swite % 0.95 6.30 
with gypsum from 310’ in Malone Mts. 
Limestone Dolomite | Haymon Krupp Oil and 1.07 2.86 
Land Co., Briggs No. 1, 
northwest end of Ma- 
lone Mts. 
Limestone Dolomite Southeastern end of Ma- .05 S. 52; 41. 
lone Mts. 
Limestone Dolomite Southeastern end of Ma- .03 : .24 | 44.13 
lone Mts., directly west 
of U. S. Highway 80 
Limestone Dolomite Northwestern end of the : Se 3.27 | 40. 
Malone 
Limestone Limestone Northwestern ead of the 
Malone Hills 


BLACK LIMESTONE MEMBER 


20 Limestone Limestone | Saioeten: end of the 65.65 15.26) 82.8: 
Malone Hills 


* Ignited acid insoluble. 
t+ Other soluble constituents by difference. 
t High insoluble due to silicified shell fragments. 
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TABLE 4.—Analysis of carbonate rocks from the Leonard series (undivided) 
of the Finlay Mountains 








Specimen 


Analysis 





pie Horizon in feet 
below top Molar 
of exposed 
section 





oy | ve 
70 | 
CaCO; Maco, solubiest 


90.61 4.81 | 33 


Classification in 


‘ Classification by 
previous reports 


chemical] analysis CaO /MigO 
Pebbly limestone | Pebbly dolomitic lime- 180’ 
| stone 
Pebbly dolomitic lime- 200’ ‘ yi 84.65 91 3.27 
stone 
Limestone 300’ 38. | os 92.36 .03 2.43 
| Limestone 370’ | : S: 86. .90 7.19 
Marly dolomitic lime- | basal 500’ 1 zs | : 59. 02 | 7.87 
stone | | 
Consolidated dolomitic | 500’ . 36. 06 | .29 8.22 
limestone marl | 








ratio 
| 


Pebbly limestone | 





Limestone 
Limestone 
Limestone 








| Shale 


Shale 8.05 


limestone marl 
Consolidated dolomitic 
limestone marl 


| Shale 


- Ignited acid insoluble. 
t Other soluble constituents by difference. 


collectively referred to as the Briggs 
formation. Albritton (1938) has recog- 
nized three so-called limestone members 
within the Briggs which he named the 
Black limestone, Black Brecciated lime- 
stone, and Buff limestone members, in 
order from oldest to youngest. Analyses 
by the versenate method of specimens 
from these members and also from the 
interval of predominantly gypsiferous 
beds between the upper two of them are 
given in table 3 

It will be noted that only samples 20 
and 82 retain the same names originally 
given to them while the other samples 
from the Briggs formation are either 
calcitic dolomite, dolomite, or dolomitic 
limestone. It should also be noted that 
the mole ratio is all that is needed to 
classify the rock with reference to table 
2. 

In the Finlay Mountains, seven miles 
to the north of the Malone Mountains, 
Albritton and Ham (1941) and Albritton 
and Smith (1949) measured approxi- 
mately 1600 feet of Permian rock, which 
on the evidence of fossils are probably 
of Leonard age and in part contempo- 
raneous with the section in the Malones. 
According to them, limestone accounts 
for about 20 percent cf the section, silty 
shales 55 percent, and limestone con- 
glomerate for 25 percent. Here again 
classification by chemical analysis shows 


Consolidated dolomitic | 500’ Pr : F | .16 





15 | 7.06 


differences between the rocks called 
limestone, and indicates that the “‘silty 
shale” is actually a consolidated dolo- 
mitic limestone marl. The results of the 


analyses are shown in table 4. 


CONCLUSIONS 


The versenate method provides a 
rapid and accurate means of determining 
calcium and magnesium and hence of 
classifying carbonate rocks according to 
Pettijohn’s scheme or to the modification 
of this scheme recommended herein. It 
is shown that in the Permian rocks of the 
Malone Mountains, the Black Brec- 
ciated limestone is actually a dolomite 
and the Buff limestone a mixture of cal- 
citic dolomite, dolomite, and dolomitic 
limestone. Likewise, some of the rocks 
in the Permian system of the Finlay 
Mountains that have been called ‘‘lime- 
stones” are in reality dolomitic limestone, 
while certain ‘‘shales’’ are consolidated 
dolomitic limestone marls. 

Due to the relative rapidity with 
which the versenate method can be run, 
the time factor no longer prevents ap- 
plying a chemical method of classifica- 
tion to carbonate rocks. By the regular 
method, it is possible to average one 
sample per hour if a series of ten samples 
are run simultaneously while by the 
rapid method; a single sample requires 
about thirty minutes. 
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TRANSPORTATION OF ROCKS BY DRIFTWOOD! 
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ABSTRACT 


Driftwood as a rafting agent for rocks is compared to other marine agents ir terms of size 
and abundance of rocks and effective geographical range. It is concluded that driftwood is the 
chief rafting agent for large erratic rocks in far offshore regions of the tropics. In areas nearer 
shore and at high latitudes driftwood rafting is probably secondary to other forms of trans- 


portation of rocks. 





INTRODUCTION 

Large erratic rocks are occasionally 
noted in fine-grained sediments of the 
present sea floor as well as in ancient 
strata. The difference in grain size and 
lithology of the rocks and of their matrix 
indicates a difference in agent, source, 
or time of transportation. 

Probably the dominant present-day 
and Pleistocene agent of transportation 
of erratic rocks to the open sea is that of 
ice rafting. Ice-floes and icebergs com- 
monly are discolored by large quantities 
of enclosed sediment which falls to the 
sea floor when the ice melts (Carsola, 
1954). Rocks from this source have long 
been recognized in marine deposits 
(Peach, 1912), and above mid-latitudes 
ice-transported sediment forms exten- 
sive and thick layers on the bottoms of 
the Atlantic Ocean (Bramlette and 
Bradley, 1941) and of the Pacific Ocean 
(Menard, 1953). 

Turbidity currents also appear to be 
important contributors of coarse sedi- 
ment to the sea floor. They are consid- 
ered responsible for sand layers within 
muds off California (Shepard, 1951) and 
in the Atlantic Ocean (Ericson, Ewing, 
and Heezen, 1952). Scattered pebbles 
occur in some of these sand beds and 
many pebbles and cobbles that have 
been collected from the floor of the Phil- 
ippine Trench (Bruun, 1951) are as- 
cribed to turbidity currents (Emery and 


! Allan Hancock Foundation Contribution 
No. 150. 


Natland, 1952). The limitations of tur- 
bidity currents as to size of rocks and 
geographical distribution are not yet well 
known; however, it seems improbable 
that turbidity currents can transport 
rocks or large pebbles farther than a few 
tens of miles beyond the foot of slopes. 
Moreover, the turbidity currents are 
probably more capable of depositing 
gravel within sand layers than of isolated 
rocks within mud. 

Certain animals and plants are able 
to carry and deposit sporadic rock frag- 
ments many miles from the outcrops. 
Such geological work is well known to 
have been performed on land by dino- 
saurs of the Mesozoic (Wieland, 1906) 
and by the large extinct flightless moa 
birds of New Zealand. Sand and shells 
can be carried great distances over water 
by migrating birds (Sayles, 1931; Tei- 
chert and Serventy, 1947), but pebbles 
and cobbles require larger hosts. Sea 
lions and some other marine mammals 
use stones presumably as aids in breaking 
up fish bones (Emery, 1941; Fleming, 
1953), afterward regurgitating them. 
These stones are abundant on some haul- 
ing-out grounds (Fleming, 1951) and 
possibly a few are released in deep water. 

Rafting of rocks by kelp is well known 
along temperate coasts (Emery and 
Tschudy, 1941), and Shumway (1953) 
has attributed to this agency many peb- 
bles and cobbles that were dredged from 
the deep sea floor off Mexico. Patches of 
floating kelp carrying rocks have been 
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noted as far as 300 miles offshore (Me- 
nard, 1953), but probably little kelp trav- 
els much farther seaward because of the 
rapidity of decomposition and eating by 
many animals. Furthermore, the large 
brown kelps that are chiefly responsible 
for the rafting (Macrocystis, Pelagophy- 
cus, and Nereocystis) are absent in tropi- 
cal waters at present. 


RAFTING BY DRIFTWOOD 
Open Sea 


Land vegetation was recognized long 
ago as an agent capable of transporting 
rocks into the marine environment, but 
there is little published information on 
its relative importance as compared to 
other means of transportation. During 
their growth trees send their roots into 
the substrate where they commonly en- 
close rock fragments. Of some minor 
interest is the fact that woodpeckers aid 
by placing pebbles in holes drilled into 
tree trunks when nuts are not available 
(Ritter, 1938). If the trees become un- 
dermined by stream erosion or are blown 
over by wind some of the rocks may re- 
main with the trees and in time be floated 


downstream to the ocean. The large num- 
ber of trees that can be carried by streams 


is well illustrated by Mark Twain’s 
stories of piloting on the Mississippi 
River and by Lyell’s (1850) account of 
a log raft in Atchafalaya River that in 
38 years grew to a length of 16 km, a 
width of 220 m, and a thickness of three 
m. Along cliffed shores trees are occasion- 
ally undermined by wave action and fall 
directly into the sea (dozens of recently 
undermined coconut and casuarina trees 
were noted around the shores of the 
Hawaiian Islands in 1954); thus, both 
streams and marine erosion bring trees 
to the ocean. 

Once trees are afloat at sea they are 
able to travel for great distances with 
the currents. Rouch (1954) described 
many examples of ‘‘floating islands’’ 
made of trees and other vegetation that 
were sighted far out in the ocean and 
which had come from the Amazon, Con- 


go, and Mississippi Rivers. Occasionally, 
such floating trees have been struck by 
ships at night; thus, they constitute men- 
aces to navigation, particularly for small 
ships. Some of the trees become water- 
logged and sink to the bottom, account- 
ing for wood fragments that have been 
noted in cores from the floor of the ocean 
off southern California, the Gulf of Mexi- 
co, and elsewhere (F. P. Shepard and 
Maurice Ewing, personal communica- 
tions). Sinking is aided by activities of 
teredos and other wood borers, whose 
holes have even been noted in logs that 
sank in Eocene seas of California (Szatai, 
in preparation). 

Many trees remain afloat so long that 
they eventually are cast ashore on dis- 
tant islands where their wood was form- 
erly and locally still is used by the na- 
tives for boats or houses. The writer 
found a large sawed log, probably Doug- 
las fir from Oregon or Washington, cast 
ashore on Rongelap Atoll in the Marshall 
Islands and thoroughly encrusted and 
riddled by marine borers. Another was 
seen on Johnston Island and about 10 
more on various islands of the Hawaiian 
Chain. Other similarly bored Oregon logs 
were noted on the shores of the Hawai- 
ian Islands by Guppy (1906). In the 
southern hemisphere many logs that had 
floated to the Tuomoto Islands probably 
from South America had been in the 
water so long and were so completely 
bored that they were of no value for boat 
building (Mr. Yvor H. Smitter, personal 
communication). 

In a few instances floating trees have 
been observed to hold rocks and other 
debris in their roots. Brooks (1875) de- 
scribed a 50-meter tree believed to be 
from Oregon that drifted past Maui in 
the Hawaiian Chain carrying several 
tons of clayish earth embedded among its 
roots. In 1950 Smitter aboard the schoon- 
er California saw a kauri tree afloat in 
the Gulf of Papua. This tree was three 
meters in diameter and fioated in a verti- 
cal position with the top 25 meters out of 
water and the lower 10 meters under 





TRANSPORTATION OF ROCKS BY DRIFTWOOD 53 


water. Held by the roots was a boulder 
three or four meters in diameter whose 
weight served as a keel to hold the tree 
upright. The sighting was about 150 
miles off the Fly River, which was prob- 
ably the source as it was in flood and 
carrying great quantities of logs and 
debris. The tree had been in the sea long 
enough, however, for boring organisms 
and barnacles to become established. 

Many similarly laden trees have been 
washed ashore on islands and coral reefs 
where their loads of rock were formerly 
prized for instrument sharpening (Cham- 
isso, 1821; Chamisso, 1902?; Wood-Jones, 
1912; Andrée, 1920). In fact, at Tarawa 
there was a native term meaning “‘basal- 
tic stones in the roots of trees drifted”’ 
(Pickering, 1876). Described in somewhat 
more detail by Hartzer (1900) were pines 
a meter in diameter cast ashore on Non- 
outi Island that carried by their roots 
stones of fine-grained basalt of all sizes; 
he believed that the trees came from 
New Zealand 1200 miles away. Of in- 
terest also is the fact that tree trunks 
that drifted at least eight miles from the 
Australian mainland to Low Isles of the 
Great Barrier Reef rafted live frogs 
(Fairbridge and Teichert, 1948) as well 
as rocks (Fairbridge, personal communi- 
cation). 

Occasional loose stones picked up on 
beaches of coral islands were believed by 
Darwin (1887) to have been rafted by 
driftwood, though no trace remained of 
the tree itself. Many workers have re- 
ported the presence of pieces of volcanic 
rock at Rose Atoll (Couthouy, 1842; 
Wilkes, 1845; Dana, 1849; Pickering, 
1876; Schultz, 1940; and Sachet, 1954).? 
Until recently the favored origin was 
that of reworking from submarine out- 
crops, but now Mr. Gilbert Corwin (per- 
sonal communication) has concluded 
that the unusual mineral composition 
of the rock may require distant trans- 


2 Some of these references were kindly con- 
tributed by Marie-Héléne Sachet who en- 
countered them during her compilation of a 
bibliography on flora of atolls. 


portation by driftwood. In 1953 Dr. 
R. S. Dietz found a 12 cm sub-rounded 
piece of rhyolite on Wake Island and Dr. 
Maxwell S. Doty found a 30+ cm piece 
of hard fine-grained basaltic tuff im- 
bedded in beachrock on Johnston Island. 
In neither area do non-calcareous rocks 
crop out subaerially, and rhyolite cer- 
tainly is rare in the central Pacific Ocean. 
Doubtlessly, many other such stones re- 
main unnoticed on other shores. Some 
stones probably have come from ship 
ballast (Oldham, 1895) or other human 
sources, some may be reworked from 
submarine outcrops (Couthouy, 1842), 
but others cannot be so explained. 


Southern California 


Owing to the lack of forests and to 
the low rainfall in southern California, 
particularly during recent years, streams 
of this area probably contribute fewer 
trees to the ocean than do those of other 
regions. There has also been little recent 
coastal erosion. Nevertheless, a more or 
less systematic examination of driftwood 
on some of the beaches during the period 
1950 to 1953 resulted in the recovery of 
12 examples of rafted rocks by Mr. A. L. 
Simpson, who kindly made his data 
available for this report. Two other ex- 
amples from earlier casual finds by the 
writer (La Jolla and Kauai) are also 
listed in table 1. The frequency of visits 
and the number of beaches that were 
examined during the three-year period 
are such that probably only about one 
percent of the tree-rafted rocks that were 
stranded on the shores of southern Cali- 
fornia were found. An unknown addition- 
al number drifted seaward and out of the 
area. 

The identified driftwood hosts were 
manzanita and juniper, both of which 
are common in the region. Local deriva- 
tion also is indicated by absence of bar- 
nacles and other encrusting organisms 
except on one example from Malibu 
Beach. Rock fragments carried by an 
individual piece of driftwood ranged in 
number from one to twenty-five. The 
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TABLE 1.—Characteristics of driftwood and attached rocks 








Driftwood 


Rocks 





Location 
Length, Diameter, 
cm. cm. 


Kind 


Diameter, Kind 


cm. 


Shape 





Malibu Beach 50 15 
Malibu Beach 30 16 


Malibu Beach 70 
Playa del Rey 

5 Malaga Cove 
Portuguese Bend 


Newport Beach 


Corona del Mar 


Laguna Beach 
Oceanside 

La Jolla 
Kauai, T. H. 
Malibu Beach 


14 Malibu Beach 


largest is about 20 cm long. Character- 
istically, the rocks are angular and fairly 
fresh and unweathered in appearance. 
The lithology is highly varied. (table 1) 
but, although probably all of these types 
of rock occur in southern California, 
none were recognized as diagnostic of the 
region. 


Geological Record 


Erratic rocks have been reported with- 
in ancient sedimentary strata, chiefly 
coals, from Britain (Spencer 1887; Stut- 
zer and Noé, 1940; Whittle, 1943; Dix, 
1944—short bibliography; and Hawkes, 
1951), from elsewhere in Europe (Ma- 


Manzanita 3.0 SA 


Manzanita 


Manzanita 


Juniper 


Manzanita 


Manzanita 


Bored 


Meta-diorite 


Shale 
A Shale 


SA Rhyolite tuff 


1.3 A 
2.2 
2 


i) 


Twenty-five pebbles 


a 


SA Quartzite 


on 


A Lamprophyre 


Granite gneiss 
Granite gneiss 
Granite gneiss 
Granite gneiss 


Schist 
Schist 


uanouw 


Granodiorite? 


o So So 


Granodiorite? 


— 
—) 


Igneous rock 
Basalt 


Quartzite 
Basalt 


Basalt 


kowski, 1935; Turlei, 1941), from Aus- 
tralia (Fairbridge, 1952. 1953), and from 
the United States (Andrews, 1872, 
Marsh, 1872; Hicks, 1879; Lesley, 1884; 
Orton, 1892; Dana, 1895; McCallie, 
1903; White, 1915; and Price, 1932— 
short bibliography). Curiously, most of 
the erratics in American coal beds are 
quartzite. Andrews had proposed a pos- 
sible glacial advance to account for 
boulders in Pennsylvanian coal in Ohio, 
but Marsh pointed out that rafting by 
tree roots during a freshet is more reason- 
able. Similarly, erratic: boulders in the 
Permian and Cretaceous strata of Aus- 
tralia, formerly thought to indicate gla- 
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PLATE 1.—Some examples of driftwood that contain rock fragments found on beaches of 
Southern California. Numbers are those of Table 1. Rocks are indicated by arrows. About 
1/10th natural size. 
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ciation, were recently attributed by 
Fairbridge to tree rafting because of 
their close association with coal beds. 
Most of the other authors also considered 
that the erratic rocks which they de- 
scribed had been rafted to swamps by 
floating trees. 


GEOLOGICAL SIGNIFICANCE 


More rafting of rocks by driftwood 


instances have been noted under present 
conditions as well as in the geological 
record. Larger individual pieces and more 
numerous clusters of rock can be carried 
by floating trees than by other plants or 
by animals. Trees also can carry rocks 
farther seaward than can other plants 
and animals and into more tropical 
water than can be reached by either ice- 
bergs or kelp. 


occurs than is generally realized. Many 
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A SPOT TEST FOR DOLOMITIC LIMESTONES 


VIRGIL I. MANN 
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ABSTRACT 


A technique is presented for the separation in the field of dolomitic limestones from high 
calcium limestones. The procedure requires an application of two solutions on a fresh rock sur- 
face. The rate at which a blue color is precipitated will separate dolomitic limestones from other 
non-magnesium carbonates. A purple color indicates a lack of magnesia. 


In many geological sections which are 
high in carbonates, it is desirable to sepa- 
rate each of the units in the field. Most 
techniques used to separate dolomitic 
limestones from metallurgical grade lime- 
stones require laboratory tests varying 
from straight solution in acid to com- 
plete quantitative analysis. Whereas lab- 
oratory tests are conclusive, they re- 
quire excessive storage space for equip- 
ment and extended amounts of time, 
two luxuries most field geologists cannot 
afford. The following technique was de- 


vised to permit a field geologist to iden- 
tify varieties of dolomitic limestone and 
pure calcium carbonate beds at the out- 


crop. 

The procedure involves the applica- 
tion of two solutions on a fresh rock, 
surface. First a drop of dilute HCl is 
applied to a clean rock surface. After all 
vigorous reaction has ceased, a drop of 
an alkaline solution of p-nitrobenzene- 
azoresourcinol is introduced into the 
earlier drop. If the drop turns a blue 
color in 30 seconds, the rock fragment is 
high in available MgO. Various intensi- 
ties of blue develop with decreasing 
quantities of MgO, until on a carbonate 
with no MgO, only a violet color is seen. 
As any trace of the blue color will be 
concentrated with evaporation the reac- 
tion must be observed within the first 
minute after application of the dye. If 
the acid fails to react with the rock be- 
cause if its high magnesia content, a 
pale yellow color results. 


Reagents are those suggested by Feigl 
(1946); however, two of his proposed so- 
lutions are combined, and the concentra- 
tion of the other is altered. The acid is the 
common one used by geologists, 10 per- 
cent (by volume) HCl. The dye is pre- 
pared by dissolving .002 grams of p-nitro- 
benzene-azoresourcinol in 100 cc of 2N 
sodium hydroxide. 

The weak acid will attack a fresh rock 
surface, putting into solution both cal- 
cium and magnesium ions. Further, the 
acid by its reaction will indicate how 
much pure calcium carbonate is in the 
rock. Thus pure dolomite can be sepa- 
rated from pure calcium limestone at this 
step; however, the straight acid reaction 
gives indeterminate results when MgO is 
less than 10 percent and when magnesium 
salts are in solid solution. 

The organic dye is quickly adsorbed 
by Mg(OH),» giving rise to a distinctive 
blue color. This readily discernible color 
is distinct from the violet of the non- 
adsorbed dye. A magnesium .ion in the’ 
acid solution is converted to the hydrox- 
ide by application of the alkaline dye- 
stuff reagent, and it adsorbs the dye. 
The amount of magnesium present de- 
termines the intensity of blue color. 

Feigl (1946), claims a sensitivity of .5 
gamma for the spot test, and as most 
limestones have at least a trace of mag- 
nesium, a mild blue color is nearly al- 
ways seen. The longer the solution is 
permitted to evaporate, the more will be 
concentrated the trace quantities of mag- 
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nesium. Thus the reaction should be ob- 
served prior to appreciable evaporation. 

The procedure was tested in the field 
for three months with a laboratory con- 
trol of quantitative analyses. Whereas 
the field test never became completely 
quantitative, at least four gic ups of car- 
bonates could be separated at -he outcrop 
by this method. They were: (i) speci- 
mens with greater than 30 percent MgO; 
(2) those having between 10 and 30 per- 
cent MgO; (3) rocks having an MgO con- 
tent between one and 10 percent; and (4) 
those having less than one percent MgO. 
At the time of the field work, those cate- 


gories were the desired ones, and thus no 
further subdivisions were attempted. 
The technique was found to be most 
useful in areas where contacts between 
formations were poorly exposed, or in ex- 
posures where lithographic boundaries 
were not visible to the eye. By modifying 
the procedure to suit a specific area, a 
geologist may use the technique ad- 
vantageously in mapping boundaries 
between relatively pure lime carbonates 
and magnesium carbonates in the field, 
as well as subdividing the magnesium 
carbonates into selected varieties. 
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ABSTRACT 


A critical examination of the paper by Marsh (1867) shows clearly that he did not originate 
the contraction-pressure theory for the origin of stylolites as claimed by Prokopovich (1952). 


An examination of Giimbel’s 


s papers of 1882 and 1888 shows that he based a preliminary 


phase of his theory upon the compaction of the sediments and the drying out and cracking of the 
clay layers between the still plastic calcareous beds above and below the clay. Giimbel’s theory 
is essentially that of Marsh after obtaining the small pieces of clay which functioned in the 


same manner as the fossils in Marsh’s theory. 


Hence, neither of these investigators proposed the contraction-pressure theory as claimed by 
Prokopovich. 

An examination of the solution theory described by Prokopovich shows it to be completely 
inadequate to produce stylolites and that none of the common and outstanding features of 
stylolite columns and seams can be logically explained by this theory. 


In a recent paper Prokopovich (1952) 
proposes a new solution theory, for the 
origin of stylolites, in which solution is 
supposed to occur in the surface layers of 
the recently precipitated and soft cal- 
careous deposits on the bottom of the 
sea, or within the mass of the unconsoli- 
dated sediments. The basis for his deduc- 
tions is the variation of the CO, content 
and corresponding pH of sea water with 
depth. 

In addition he makes a very brief re- 
view of the existing theories for the origin 
of stylolites. His views and statements 
seem to be at considerable variance with 
the classification of the several theories 
made by Stockdale (1922) who grouped 
the then existing theories in several 
categories. These groups, with the origin- 
ator of each theory, are listed as follows: 
Organism theory by Eaton (1824); crys- 
tallization theory, Bonnycastle (1831); 
erosion theory, Plieninger (1852); gas 
theory, Zelger (1870); bitumen theory, 
Alberti (1858); pressure theory, Quen- 
stedt (1837); and the solution theory, 
Fuchs (1894). 

In connection with the previous the- 
ories, Prokopovich, (p. 212), says ‘‘most 
of the ideas proposed excepting for the 
contraction-pressure and the pressure- 


solution hypotheses, have historical im- 
portance only and are not discussed in 
this paper. The contraction-pressure 
hypothesis was proposed by Marsh 
(1867), Giimbel (1882, 1888), and 
others.’’ The views of these investigators 
and writers have been included by Stock- 
dale (1922) in the category of “‘pressure 
theories,’ apparently on the basis of the 
statements made by these writers con- 
cerning their investigations and ideas 
which they had presented for the origin 
of stylolites. In regard to the views of 
Marsh one may quote his beliefs as given 
in 1867. On page 138 he says, 

‘A comparison, however, of the various 
forms of this structure as they occur in 
different formations, and at widely separated 
localities, clearly show that all have been 
produced by some common cause, which was 
not dependent on local influences or condi- 
tions. The subject of the present paper was to 
prove that this structure in all its various 
modifications was the simple result of pres- 
sure. The author had carefully examined 
many typical localities in this country and in 
Europe, and found at each conclusive evi- 
dence in favor of this explanation, which 
satisfactorily accounts for all the known phe- 
nomena of the structure. ... Nearly all the 
separate columns, moreover, have on their 
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summits a fossil shell, or the inorganic sub- 
stance, which has accurately determined their 
shape, and above this a rounded or pointed 
cap of shale, evidently identical with the layer 
already mentioned, and separated from it 
when the strata settled during consolidation.” 


In a more detailed statement Marsh 
says, p. 139, 


“let us first suppose a quantity of fine car- 
bonate of lime, sufficient when consolidated 
to make a thick bed of limestone, slowly de- 
posited under water; and while still, soft 
(comma appears to be misplaced, B.M.S.) 
shelis and other organic substances scattered 
over it, and the whole then covered with a 
very thin layer of argillaceous mud. If, after 
this, the deposition of calcareous matter pro- 
ceeds, gradually forming a second bed, its 
increasing weight will slowly condense the bed 
below. The shells beneath the clay layer will 
offer more resistance to the vertical pressure 
than the material around them, and hence the 
latter will be carried downward more rapidly, 
thus leaving columns projecting into the bed 
above, each protected by its covering, and 
taking its exact shape from its outline. That 
this must have been essentially the method 
of formation, every typical locality of stylo- 
lites, if carefully studied, will afford ample 
evidence. 

“The immediate cause of the formation of 
columns under the above circumstances is 
clearly a difference of resistance to pressure 
between the shell, supported by material 
beneath it, and the surrounding mass. The 
reason why the shell resists the pressure more 
effectually than the substance around it may 
be owing first to its form, which, when its 
convex side is upward, enables it to act as a 
wedge, thus overcoming in part, the cohesion 
of the material above it; secondly, to its 
weight, which would slightly condense the 
plastic mass beneath it, and thus secure a 
more firm support; or thirdly, to its being an 
organic substance, which, like the nucleus of 
a concretion, has attracted to itself and con- 
solidated the particles of carbonate of lime 
beneath it, but not those above, owing to the 
intervening argillaceous layer. Any one of 
these causes would, doubtless, be sufficient to 


produce the superior density required to start 
a column, and this would at once have its 
farther progress facilitated by a cap of mud 
formed above the shell, thus rendering the 
summit of the column more convex, and hence 
diminishing the effective pressure.” 


It will be noticed from the above de- 
tailed description that Marsh viewed the 
column as a harder and more rigid mass 
than the surrounding material. And fur- 
ther it is this greater rigidity together 
with the spherical shape and possibly the 
lubricating property of the clay cap 
which assists in causing the penetration 
of the more rigid column under pressure 
which was supposedly derived from the 
weight of the overlying deposits. In con- 
trast, the contraction-pressure theory of 
Shaub (1939) requires a plastic column 
(or penetrating part) to move into a 
zone or zones of reduced pressure created 
by contraction in the layer or zone pene- 
trated due to the dewatering of the mate- 
rial which rendered it firmer and initiated 
tension stresses therein by contraction. 
It can be seen at once that there is no 
resemblance of the one theory to the 
other. 

A further and careful search of Marsh’s 
paper fails to find the words, contraction 
or shrinkage, or any synonym of these 
words which was used by him to infer or 
imply that the initiation and/or con- 
tinued development of stylolites de- 
pended on low tension stresses caused by 
shrinkage in plastic materials. Hence 
Prokopovich’s statement as quoted 
above regarding Marsh as being the 
originator of the contraction-pressure 
theory is without foundation or support. 

More than a decade after the writer 
had investigated cone-in-cone and stylo- 
lite structures and had published his 
views concerning them (1937, 1939) he 
obtained a copy of Giimbel’s papers of 
1882 and 1888 and had them translated. 
The first of Giimbel’s papers appeared 
fifteen years after that of Marsh quoted 
above and like Marsh he placed a great 
deal of emphasis on the requirement, not 
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only of fossils, but of other hardened 
material as the basic features in the 
formation of the stylolites by the pressure 
of the overlying beds. 

Giimbel appears to have been a keen 
observer of the stylolites in their environ- 
ment. He described the appearance of 
crystalline substances between the col- 
umns and the enclosing rock as had oth- 
ers before him, Bonnycastle (1831); 
Vanuxem (1838, 1842); Emmons (1842); 
Hall (1843); Rossmissler and Cotta 
(1846); Meyer (1862); and Hunt (1863). 
These writers looked upon the crystal- 
lized materials about the columns as the 
cause of the stylolitic process rather than 
a subsequent development as did Giimbel 
who regarded the crystalline materials 
as a late development in open spaces 
about the columns due to drying out of 
the entire rock mass during consolida- 
tion. He also observed the occasional 
ridges which are transverse to the column 
striations and likened them to raised 
ridges resembling those produced by 
touching clay and breaking the contact. 
Similar ridges were observed by the 
writer at Lockport, N. Y., in 1936 and 
were photographically illustrated and de- 
scribed by him as adhesion ridges in 1939. 

Giimbel’s description (1882, p. 646) of 
the origin of stylolites follows. 


“‘As far as the explanation of the formation 
of stylolites, according to this short descrip- 
tion of their outward appearance is concerned, 
there can be no doubt that the stylolites, 
when the rock-mass surrounding them solidi- 
fied, originated at a time when the mass still 
possessed a certain degree of plasticity, that 
is, Was not yet dried out and was subject to 
the great pressure of rock material which was 
storing up. The stylolites originated within 
several layers which lay one upon another, 
which were deposited in the form of a lime 
sludge, and which were separated by layers 
of clay and marl. With the unequal state at 
the time of drying out and solidifying the 
layer of clay and marl contracted, became 
cracked, and split into little pieces. As a re- 
sult the balance which had existed between 
the two layers of lime which rested on each 


other was disturbed. The upper mass of lime 
exerted pressure on that lying under it, and 
sank in correspondence with diminishing 
space which occurred with the drying out 
process. As a result it caused individual smal- 
ler parts of the underlying mass, which were 
separated out by the breaking up on the clay- 
layer to move upward. The smaller mass was 
thus forced to yield to the pressure of the 
larger. It could only give way by moving up- 
ward, since the under-layer prevented any 
movement downward. Through this recip- 
rocal movement, the sinking of the main 
mass and ascending of the small cut up parts, 
there occurred the conical interlocking of the 
stylolites with the enclosing rock. Through 
the movement and penetrating action of the 
shell or ‘Thonschieferscholle’ the channelling 
and lengthwise striations of the stylolites were 
formed according to their outlines. The piece 
of clay which was separated by the tearing up 
on the lower layer of clay appears as the caps 
of the stylolite and the little particles of clay 
which separated off during the ascent are the 
clay coating of the stylolite. 

“T have tried to imitate this occurrence 
artificially. I covered a half-soft mass of so- 
called painters chalk, mixed with just a little 
clay, with a very thin layer of strongly 
colored clay. Upon this I laid a heavy slab 
of lead which was provided with holes at 
several points. Over this I then spread a 
specially colored layer of lime sludge. 

“The weight of the lead slab caused the 
latter to sink. Corresponding to this sinking, 
columnar shafts, channeled according to the 
outline of the holes and striated lengthwise, 
were forced out of the underlying mass 
through the holes in the lead slab and pressed 
into the mass lying upon the slab. Here also 
the particles of clay formed the cap, and the 
sides were coated similarly with a covering of 
clay. After drying out I had little columns, 
similar to stylolites, which were easily dis- 
tinguishable by the color, and which had been 
pushed up into the upper layer.”’ (Translation 
by Lois Leggett.) 


It is quite obvious that Giimbel placed 
considerable emphasis on the cracking of 
the clay seams as the result of its ‘drying 
out’’ during consolidation. He carries the 
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shrinking to the extent of cracking the 
clay layer into ‘‘kleine stiicken,’’ small 
pieces, in order to place the material of 
the clay cap in the same category as fos- 
sils in the actual development of stylo- 
lites by pressure on still plastic lime 
muds. It is difficult to understand how he 
could envisage the breaking up of the 
clay seam by drying out when it was in 
contact with the plastic marl above and 
below. 

It will be noted that in previous de- 
scriptions of the contraction-pressure 
theory, originated by Shaub (1939), the 
phenomenon of contraction or shrinkage 
during the dewatering of the lime sedi- 
ments, along a clay seam or other line or 
zone of differential contraction, is in the 
still plastic material. The clay has never 
been described as having been cracked 
in any way, instead, it is undoubtedly 
carried ahead of the penetrating ‘“‘column”’ 
from the lower bed by the shearing ac- 
tion as it entered a localized reduced 
pressure zone, in the overlying lime bed, 
caused by the contraction forces in the 
base of the overlying bed. The penetra- 
tion progresses contemporaneously with 
the dewatering, contraction and plastic 
flow from the lower bed under the differ- 
ential pressure of the overlying beds and 
that created by the tension stresses with- 
in the lime muds due to their loss of 
water. 

The two conceptions for the develop- 
ment of stylolites are different and can- 
not be reconciled as one and the same; 
and the distinction is even more clearly 
expressed in Giimbel’s later paper of 
(1888) in which he stated, 


“if we hold to the idea that the stylolites 
originated exclusively by means of pressure of 
the superimposed mineral material on a layer 
of marl solidified in a more crust-like condi- 
tion, this layer covering a deeper bed of min- 
eral, and that the pressure crushed and cut up 
the marl crust so that individual little pieces 
of merl sank into the half-soft bed of lime be- 
neath, while at the same time the mineral 
matter of the layer which was originally 
above the marl pressed down into the space 


created by the sinking marl-pieces in a side- 
wise direction, and that in the downward 
direction, the marl piece was diverted side- 
ways and often actually horizontally in the 
direction of least resistance and was able to 
produce a horizontally extended stylolite.”’ 
(Translation by Lois Leggett.) 


In his second paper Giimbel reiterates 
the workings of his pressure theory and 
extends it to account for horizontal stylo- 
lite columns or vertical and inclined 
seams. His theory is essentially that of 
Marsh enhanced by the added variation 
of the supposed shrinking of the clay 
layer so that the pressure of the overly- 
ing beds could break it into the ‘‘little 
pieces” necessary for initiating the de- 
velopment of the columns by pressure 
and to provide the caps for them in very 
much the same manner that Marsh used 
the fossils. Hence Giimbel’s theory actu- 
ally supplements that of Marsh and his 
experiment, which he apparently consid- 
ered as being successful, relied entirely 
on the pressure of the heavy lead plate 
containing a number of holes which, in 
some manner, corresponded to the “‘little 
pieces” of the broken clay layer, and 
through the action of pressure alone he 
obtained ‘‘stylolites.”” From the writings 
of Giimbel and his experiment it is diff- 
cult to see how Prokopovich can claim 
that Giimbel proposed the contraction- 
pressure theory for the origin of stylo- 
lites. Both the theory of Marsh and that 
of Giimbel, with its variations from the 
former, are certainly to be classed with 
the pressure theories as they have pre- 
viously been known and there should not 
be read into them subsequent views and 
developments. 

It is hoped that the above discussion 
will clear any confusion that may exist 
between the earlier pressure theories and 
the contraction-pressure theory. 

In the same paper quoted above, 
Prokopovich presents a new concept of 
the solution theory based on the varia- 
tion of the solubility of sea water with 
the variation of the carbon dioxide con- 
tent of the water and the corresponding 
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pH of the sea water with depth. On ex- 
amination of the diagram on which Pro- 
kopovich bases his theory (Fig. 9, p. 219) 
one will observe that for any given depth 
of sea water there is no indicated change 
in the CO, vapor pressure and the cor- 
responding pH of the water; consequent- 
ly the solubility of calcium carbonate by 
the sea water at any depth is constant; 
and as the depth of the oceans remains 
approximately the same, solution could 
not occur according to this principle. It 
appears, therefore, to the writer that one 
cannot claim that a marked solution can 
occur on the ocean bottom at any place 
according to the relationships shown by 
the diagram. The possible effect of plank- 
ton on the content of the carbon dioxide 
in sea water is also discussed by Prokopo- 
vich. The variable effect from this source 
would no doubt be negligible, for plank- 
ton inhabit the upper layers of water, and 
if any effect were produced it should be 
seasonal and cyclic and one should ob- 
serve some rhythmic structure in lime- 
stones in general. Effects demonstrated 
to be directly connected to plankton 
have apparently not been recorded. 

In regard to the operation of his theory 
for the development of stylolites, Proko- 
povich says, (p. 219) 


‘because sea water can attack all surfaces of 
the columns an insoluble clay skin remains on 
both sides and on the top of the columns. 
Curved stylolites, columns with narrowed 
bottoms and undulation seams could be pro- 
duced by the solution of walls, movement of 
water, and the force of gravity. The striated 
surfaces of columns may have originated in a 
similar way to those on earth pillars. Fossils 
and concretions may remain as a resistant 
covering during the formation of such stylo- 
lites similar to the covering of pinnacles... . 
Many of the seams were developed on the sea 
floor and were, therefore, parallel to the 
bedding, but solution could also take place 
below the sea floor in the muds.” 


Stylolite seams along any horizon ap- 
pear always to be limited to a rather 
small areal extent as shown by the ex- 


posed seams in limestone quarries and 
by those in the Tennessee ‘‘marbie’”’ 
which are well displayed in many public 
buildings. To produce stylolites on such 
limited areas on the sea floor according to 
Prokopovich’s theory would require a 
most improbable set of conditions where 
there would be many relatively small 
areas over which the water would be dis- 
solving the lime muds while over nearby 
areas deposition may be presumed to be 
continuing. Such conditions would have 
to exist for a rather long period to effect 
the solution required to produce the long- 
er columns. The dissolved materials 
would have to be removed by outgoing 
currents while other currents having the 
ability to dissolve the lime muds were 
being brought into the small areas under- 
going solution. The movements and vary- 
ing solubilities within ocean waters cer- 
tainly would not be so restricted or selec- 
tive for the movement in these waters is 
sufficiently active and variable to keep 
the composition of the vast mass of the 
ocean water nearly constant throughout 
its extent. 

Another phenomenon which would be 
a feature of stylolites formed on the sea 
floor by solution of the surrounding ma- 
terial would be the equal stratigraphic 
height or level of the tops of many of the 
columns. As the solution continues down- 
ward other resistant layers should initi- 
ate additional groups of neighboring 
columns having tops at the same level. 
If stylolites originated by solution of the 
lime muds on the ocean floor, then the 
shorter columns would have the thicker 
clay caps and the longer columns would 
be essentially free from a capping. To the 
writer's knowledge the above features 
have never been recorded by students of 
stylolites. : 

In order to produce columns, which 
in the hardened rock would have a length 
of 12 to 18 inches, the soft unconsoli- 
dated columns formed on the ocean floor 
would have to be two to three feet, or 
greater, in length. The newly precipi- 
tated material would probably be soft 
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enough to be easily extruded between the 
fingers and lack sufficient strength to 
support such a long column; hence there 
should be abundant examples of col- 
lapsed columns along stylolite seams. Of 
the many workers who have investigated 
stylolites in the field none have recorded 
any structure associated with stylolite 
seams that could be construed, even re- 
motely, as having been a collapsed col- 
umn. 

The analogy of fossil-capped stylolite 
columns to the ‘‘covering of pinnacles” 
is not an acceptable one, for the promi- 
nent feature of pinnacles is the circum- 
ferential erosion along the bedding planes 
and the lack of continuous vertical stria- 
tions; on the other hand the prominent 
features of stylolite columns are a rather 
uniform thickness, the prominent vertical 
flutings and the complete absence of hori- 
zontal solution ridges such as are found 
along the solution surfaces of limestones 
due to the impure resistant layers. Simi- 
lar horizontal resistant ridges should cer- 
tainly be present on stylolite columns if 
they were formed by solution of moving 
water on the ocean floor approaching the 
columns from the sides as the theory de- 
mands, and why should the dissolution 
stop to form a cylindrical column? 

Assuming that a column could be 
formed by solution as postulated and 
that the very soft column is capped with 


a hard shell, it is not understood by the 
writer how the column could become in- 
durated and still maintain the cross-sec- 
tional area and the peripheral markings 
like that of the overlying shell. 

In many stylolite seams there are 
numerous shells or fragments of shells 
within the columns and often the same 
species as those at the tops of the col- 
umns. Similar shells must have been 
scattered throughout the mass of the 
limestone which supposedly has been re- 
moved by solution according to Proko- 
povich’s theory. Such shells should have 
been as insoluble as those forming the 
caps and consequently they should occur 
as a shell concentrate in the clay partings, 
yet no concentration of shells in the in- 
soluble clay partings have been described 
that could have originated in this man- 
ner. 

In examining the solution theory of 
Prokopovich and applying it to the natu- 
ral occurrence of stylolites, the writer 
finds it entirely unacceptable and he is 
unable to find any phenomenon asso- 
ciated with stylolites that can be logically 
and satisfactorily explained thereby. It 
appears that the author of the theory 
had not given due consideration to the 
physical and chemical properties of the 
substances of which stylolites are com- 
posed and the environment in which he 
would have them develop. 
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ABSTRACT 


On the undersides of beds of fine-grained sandstone, casts of imprints of cubes which had 
been partially buried in the underlying argillaceous sediments and then dissolved before being 
filled and covered with sand were found in the Rome formation in Grainger County, Tennessee. 
Thin sections reveal that the sand filling the imprints is micro-crossbedded and of the same 
composition and texture as that of the covering beds. The halite crystals which left the im- 
prints in the argillaceous sediments probably formed in small pools on mud flats. This evidence 
of evaporite deposition should not be taken as an indication of supersalinity of the Rome Sea, 
nor should it be taken as proof of an arid climate in the region. Casts of imprints of halite 
crystals can be used to determine the sequence of deposition of strata. 


INTRODUCTION 


Many authors (Safford, 1869; Keith, 
1895; Currier, 1935; Resser, 1938; and 
Butts, 1940) have noted the occurrence 
of ripple marks and mud-cracked surfaces 
in the Rome formation of lower Cam- 
brian age in the Valley and Ridge prov- 
ince of Tennessee and Virginia, and 
primary structures in the Rome forma- 
tion in east Tennessee are described and 
discussed by Harvey and Maher (1948). 
Despite these and many other field stud- 
ies of this formation, no salt crystal casts 
seem to have been noted previously. 

A large number of exposures of the 
Rome formation have been carefully 
examined by the author in search of 
trails. Only in the road cut at the south 
end of War Ridge in Grainger County, 
Tennessee have well preserved trails been 
found and at no other outcrop have casts 
of halite crystal imprints been discovered. 
The proportionately greater amounts of 
thin-bedded siltstone and sandstone in 
this section have apparently favored the 
preservation of these primary structures. 
The primary structures in this section 
also have been spared the obliterating 
effects of internal deformation and low 
grade metamorphism which affected the 
Rome deposits to the east and south. 


OCCURRENCE 


The initial discovery of casts of im- 
prints of halite crystals was on a slab of 
fine-grained sandstone in a fall rock ac- 
cumulation at the base of the road cut at 
the south end of War Ridge on U. S. 
Highway 25 E about 300 feet west of the 
bridge over Indian Creek, Grainger 
County, Tennessee. The finding of this 
specimen led to a prolonged search, but 
the layer from which it came was not 
discovered. On the basis of lithology and 
the position in which it was found, it 
must have come from a zone of thin- 
bedded, fine-grained, pink sandstone and 
green shale which occurs near the middle 
of the exposed section. No specimens 
bearing casts of halite crystal imprints 
were found in place in this zone, but ina 
zone of thin-bedded, red mudrock about 
15 feet higher in the section, a thin 
stratum of sandstone has casts of salt 
crystal imprints on its undersurface. 


DESCRIPTION 


The slab of fall rock bearing the casts 
(fig. 1) consists of irregularly bedded, 
fine-grained, pink and dark gray, lam- 
inated sandstone. The layer is about 
seven-eighths of an inch thick. Apparent 
lamination of the sand is due to thin 
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Fic. 1.—Part of the underside of the slab 
of sandstone from the Rome formation found 
in a fall rock accumulation. Casts of imprints 
of halite crystals are in relief (X34). 


tongues and lenses of pink sand inter- 
fingering with impure, dark gray sand. 


In thin section, the dark layers seem to 
contain considerable carbonaceous ma- 
terial. On the side bearing the casts, a 
thin layer of olive-green, sericitic shale 
still adhers at many places. 


Fic. 2.—The underside of a piece of the 
thin layer of sandstone in the red beds with 
casts of halite crystal imprints. Note the mud 
cracks (X1). 


The casts found in place (fig. 2) are 
on the underside of a thin layer, from 
one-eighth to three-eighths of an inch in 
thickness, of lensing, red, argillaceous 
sandstone which overlies a mud-cracked 
red mudrock. The upper surface of the 
sandstone layer is rippled. 

The casts are of impressions of faces, 
corners and edges of randomly oriented 
cubes which were partially buried, 0.1 
cm to 0.4 cm, in the muddy sediments. 
On the fall rock specimen, the casts indi- 
cate cubes from 0.3 cm to 1.0 cm on a 
side, with a mean size of 0.6 cm. The 
casts from the red beds are smaller, being 
about 0.2 cm to 0.5 cm on a side. The 
faces of most of the cubic crystals were 
not completely developed. Some of the 
casts on both of the figured specimens in- 
dicate the crystals were skeletal ~ith 
hopper-shaped depressions on the sides 
of the cubes, 


Fic. 3.—Photomicrograph of a thin section 
through a cast of a halite crystal imprint 
showing the micro-crossbedding of the sand 
filling the imprint. The material on both sides 
of the cast is sericitic shale which was origi- 
nally the muddy sediment in which the im- 
print was made (X10). 


Several thin sections through the casts 
were prepared from the piece of fall rock. 
The sections were cut perpendicular to 
the bedding plane in severai directions. 
These sections revealed that the casts 
consist of fine, angular sand of the same 
texture as the laminated sandstone slab 
proper. Micro-crossbedding character- 
izes the sand casts of the crystal imprints 


(fig. 3). 
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ORIGIN 


It is evident that the cubes which 
made the impressions had dissolved be- 
fore fine sand drifted in over the sedi- 
mentary interfaces, filled the impres- 
sions and built up the layers of sand- 
stone. This is proven by the structure and 
composition of the sand composing the 
casts. 

Pyrite, galena, and halite are the only 
common minerals found in sedimentary 
rocks that crystallize in the cubic system. 
Crystals of pyrite, fluorite, and galena are 
always epigenetic and in contrast to halite 
they are relatively insoluble and chem- 
ically stable. Syngenetic cubic crystals of 
halite are not uncommon in sedimentary 
rocks. Thus, of these sedimentary miner- 
als, only halite could form and dissolve in 
the sedimentary environment and during 
the time represented by the stratification 
planes on which the imprints were found. 

During the growth of halite crystals, 
edges grow faster than crystal faces re- 
sulting in hopper-shaped depressions on 
the sides of the cubes. Later these de- 
pressions may be filled in to produce 
complete crystal faces. Therefore the 
evidence of skeletal crystals also is indic- 
ative of halite. 


PREVIOUSLY REPORTED OCCURRENCES 


Casts of halite crystal impressions and 
pseudomorphs have been reported from 
clastic and chemical deposits associated 
with evaporites of the Salina series, 7.e., 
Bertie waterlime and Camillus shale 
(Silurian), of New York (Ruedemann, 
1925); from the Wellington formation 
(Permian) of Kansas (Dunbar, 1924); 
and from formations in which evaporites 
are otherwise unknown, such as the 
Kintla formation (Pre-Cambrian) of 
Canada (Daly, 1912), Rocke Miette for- 
mation (Cambrian) of Alberta, Canada 
(Kindle, 1929, and Raymond, 1930), 
Beekmantown limestone (Ordovician) 
of Pennsylvania (Miller, 1937), Newark 
series (Triassic) of the Appalachian 
region (Miller, 1937), and the Keuper 


formation (Triassic) of Germany (Trus- 
heim, 1937). The above described struc- 
tures are very similar to those mentioned 
by Kindle (1929) and Raymond (1930) 
and figured by Shrock (1948) from the 
upper Cambrian deposits at Roche 
Miette, Alberta, Canada. The lithology 
of the Roche Miette formation and the 
Rome formation is similar and both have 
an abundance of mud cracks and ripple 
marks on planes of stratification. Mud 
cracks and ripple marks seem to be com- 
monly associated with casts of halite 
crystal imprints (Daly, Kindle, Ray- 
mond and Miller). 


ENVIRONMENT 


The presence of casts of halite crystal 
imprints should not be taken as proof 
of a supersaline Cambrian sea during 
the time of deposition of the Rome for- 
mation, nor should it be taken as evi- 
dence of general aridity. 

The Rome formation is typically com- 
posed of variegated red, maroon, olive- 
green, and brown shales with a subor- 
dinate amount of sandstone, limestone, 
and dolomite. Carbonate rocks become 
more prominent to the southeast whereas 
sandstone and mudrock are more abund- 
ant to the northwest. Sandstones are 
especially common in the section exposed 
in War Ridge. The lithologic character- 
istics, ripple marks, and mud cracks have 
led most investigators to conclude that 
the Rome was deposited in shallow water. 
Vast mud flats which at times became 
subaerial undoubtedly existed as sedi- 
ments were shed from a landmass to the 
northwest into the sedimentary basin. 
(Keith, 1895, and Harvey and Maher, 
1948). 

The casts occur in sediments which 
have every characteristic of mud flat de 
posits. Assuming that normal sea water 
originally filled a pool, after about nine- 
tenths of the water evaporated, halite 
crystals would begin to form on the bot- 
tom of the diminishing pool and would 
continue to grow until the pool dried up. 
There is about thirty times more sodium 
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chloride in sea water than calcium sulfate 
calculated per volume as anhydrite 
(King, 1947), the next most abundant 
salute; therefore, other evaporites would 
be precipitated only in minor amounts. 
The casts of halite crystal imprints on 
the mud-cracked surface in the red beds 
is suggestive of a pool that dried up com- 
pletely. 

In an area 10 cm by 10 cm on the slab 
of fall rock, 32 casts were measured. The 
total volume of the original crystals, if 
perfect cubes, would have been about 10 
cm’ or equivalent to 21.6 grams of halite 
per 100 sq. cm. The actual quantity of 
halite was probably considerably less 
since most of the cubes were incomplete. 
Even if .216 grams of halite was precipi- 
tated per sq. cm, a pool of normal sea 
water less than 8 cm deep would have 
contained enough sodium chloride. This 
depth was calculated on the assumption 
that the water in the Rome Sea had a 
salinity of 34.3 parts per 1000 and con- 
tained 27.21 grams of sodium chloride 
per kilogram as does Recent normal sea 
water (Kuenen, 1950). Precipitation in a 
pool in a depression on a mud flat would 


be from a brine concentrated from a pool 
of much greater original areal extent. 
These facts prove that the crystals could 
have formed in shallow pools on mud 
flats. The size of the crystals which made 


the imprints prove that supersaline 
evaporite pools existed for several weeks 
or even several months. In which case, 
it is probable that the pools were occa- 
sionally recharged by high tides. 
Trilobites and brachiopods are com- 
mon in some horizons of the Rome for- 
mation and excellent specimens of Olenel- 
lus have been collected in the lower part 
of the section exposed in the cut at War 
Ridge. The red mudrocks associated 
with the zones containing the casts of 
halite crystals contain trails and ‘‘nests”’ 
of the Cruziana type which are believed 
to be trails of trilobites. The meager 
paleontological evidence is thus indicative 


of normal salinity in the open Rome Sea. 

No evaporites or evidence of super- 
salinity, other than the casts of halite 
crystal imprints, are known from the 
Rome formation. The fact that the 
halite crystals had dissolved before the 
next influx of clastic sediments suggests 
that the Rome Sea was not supersatur- 
ated with salt. If the freshening which 


‘caused the halite crystals to dissolve 


was due to an influx of rain water, sedi- 
ments probably would have washed into 
the pool before the crystals could have 
dissolved; and instead of fine sand, one 
would expect the rain to wash mud from 
the exposed mud flat into the pool. Ap- 
parently the mud flats were slowly in- 
undated by tranquil sea water, and no 
clastic sediments were deposited until 
the halite was dissolved by the water of 
the open Rome Sea. 

The climatic implication of the casts 
is that for two intervals of time, in a 
small area, evaporation exceeded precipi- 
tation. This cannot be taken as proof of 
general aridity. The crystals could have 
been precipitated during a dry season. 


USE IN DETERMINATION OF 
SEQUENCE IN STRATIFIED 
ROCKS 


In a theoretical discussion of imprints 
and casts of crystals and their signifi- 
cance as criteria for determining the se- 
quence of deposition of strata containing 
them, Shrock (1949) states that “If... 
the...crystals...disappear through 
solution, imprints of the original crystals 
remain and, if the sediment is sufficiently 
indurated to retain them, may be filled 
with mud or sand and thus preserved. 
Counterparts in the form of . . . pseudo- 
morphs would be preserved on the un. 
derside of the covering bed and would 
be composed of the same material of 
that bed.”” He refers to previously re- 
ported occurrences, but field observa- 
tions to support his conclusions were 
non-existant. 
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Both of the specimens here described ACKNOWLEDGMENT 
have the casts in og: the underside De. Robert Bi Shoes cf Yee Me 
of layers of sandstone. Ine bide found in chusetts Institute of Technology read a 
place, and the correct orientation of the preliminary copy of the manuscript and 
other was proven by micro-crossbedding suggested several improvements in the 


of the sand composing the casts. These presentation. The specimens are now in 
casts, therefore, fulfill the relations Dr. Shrock’s collection of primary sedi- 
postulated by Shrock (1949). mentary structures at M.I.T. 
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ABSTRACT 


Gypsum in the form of crystals and rosettes of selenite has been found in subsurface clays 
and sands of the Laguna Madre mudflats of southwest Texas. The habit of the crystals is 
unusual, and the dominant crystallographic forms are (111) and (102). The manner in which 
the crystals grow larger at depth and become lens-like in shape also is of interest. It is concluded 
that the gypsum precipitates from highly saline sea water which periodically moves in wind- 
blown sheets across the surface of the mudflats and sinks into the underlying sediments. 





INTRODUCTION 


Gypsum in an uncommon form has 
been revealed during the course of field 
work in the Laguna Madre mudflats 
in southwest Texas, and additional in- 
formation concerning this interesting 
occurrence has been provided by dredg- 
ing operations along the Gulf Coast in- 
tracoastal canal where it crosses the 
flats area. The area in which the gypsum 
was found is an expanse of algae-en- 
crusted coastal mudflats approximately 
15 miles in length and 10 miles in width. 
On most older maps this feature is out- 
lined as part of Laguna Madre proper 
and appears as a prominent indentation 
in the coastline of east central Kenedy 
County midway between Corpus Christi 
and Brownsville; on new maps the mud- 
flats are shown as part of the mainland 
(fig. 1). 

Most of the gypsum is in the form of 
selenite, and one of the most interesting 
features of the occurrence is the habit of 
the crystals and the progressive changes 
in their size and form which take place at 
successively deeper levels in the sedi- 
ments beneath the mudflats. It seems 
probable that the selenite is derived from 
highly saline sea water which periodi- 
cally moves in thin sheets across the sur- 
face of the flats. 


MODE OF OCCURRENCE 


In the topmost two or three inches of 
the laminated and thinly bedded clays 


and algal material of the mudflats, 
gypsum is present as euhedral crystals 
less than 0.5 mm long. The wrinkled, 
leathery crust of algal fibers, clay, and 
fine calcite which covers most of the 











Gypsum collected 
in this area. 
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Fic. 1.—Location map showing Kenedy 
County, Texas, and the Laguna Madre mud- 
flats. Gypsum was obtained in the area 
labelled Mud Flats and from spoil banks along 
the east side of the Intracoastal Waterway. 
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flats area contains euhedral selenite 
crystals, and in petrographic thin sec- 
tions these can be see: scattered through 
the mass of dead algal fibers just below 
the surface layer of green living algae. 
Selenite is rare on the surface; euhedral 
crystals were found enmeshed in the 
topmost algal fibers, but most of the 
surface selenite was in the form of ragged 
windblown grains. In some areas, at 
depths of several feet, fine gypsum is 
abundant enough to form thin beds of 
gypsiferous clay and white layers of 
nearly pure gypsum; these gypsum layers 
in most places are less than one inch 
thick (fig. 2). 


Fic. 2.—Interbedded layers of gypsum, 
clay, and algal material exposed in the wall of 
a trench. White layers are gypsum; wrinkled 
layers are buried algal crusts. 


At depths below two or three feet the 
crystals are larger, and some have te 
form of rough, double-convex discs 
which bear no trace of rational crystal 
faces. Single and twinned crystals are 
present, but more common are delicate 
clusters of interpenetrating crystals be- 
tween one and six inches in size. With in- 
creasing depth, more of the crystals 
have the lens-like form and fewer are 
euhedral or subhedral. Between the sur- 


face and depths of four or five feet all 
gradations from the euhedral form to 
the discoid form can be seen. The lens- 
like discoid individuals appear to have 
grown from euhedral crystals and may 
well be referred to also as crystals. At 
greater depths, however, large masses of 
compactly intergrown subindividuals are 
found; these aggregates more closely 
resemble the accretionary structures 
referred to as rosettes (Pettijohn, 1948). 
The rosettes and largest crystals were 
obtained from the sandy spoil bank along 
the intracoastal canal, having been 
brought up by suction-type dredges which 
excavated the canal to a depth of 15 
feet. The largest rosette found was 20 
inches in diameter (fig. 3). 


6 INCHES 
ae 





Fic. 3.—Large selenite rosette dredged 
from a depth of approximately 15 feet in the 
Intracoastal Canal where it crosses the 
Laguna Madre mudflats. Rosette is dark gray 
in color due to very abundant included sand. 





74 P. H. MASSON 


GENERAL CHARACTERISTICS OF THE 
CRYSTALS AND ROSETTES 


Smaller crystals are perfectly euhedral, 
and all faces are fully and symetricaily 
developed. The habit is that of a flat 
prism, diamond-shaped in cross-section 
and terminated by broad faces which cut 
the prism at a low angle. Unlike crystals 
with the habit most commonly recorded 
for gypsum, the Laguna Madre crystals 
are inclined to the c axis. The larger, 
rough-surfaced, lens-like crystals lie in a 
plane nearly normal to the ¢ axis. 

Aggregates of intergrown crystals are 
common and are composed of distinct 
crystals which interpenetrate in ran- 
dom manner. Rosettes, on the other 
hand, are made up of numerous discoid 
subindividuals closely intergrown in sub- 
parallel and radial arrangements. As 


accretion proceeds, aggregates of crystals 
apparently grow and become more com- 
plex until they assume the characteristics 
of rosettes. The subindividuals which are 
added during this later stage, however, 
appear to grow directly into the discoid 
form without starting as euhedral crys- 


tals. This difference in the manner of 
growth and mutual relations of the sub- 
individuals is the basis for classifying 
these structures as rosettes rather than 
crystal aggregates. 

All but the smallest crystals contain 
included quartz sand. The sand content 
varies in different crystals, and some 
have sand-free peripheral zones. In the 
larger crystals, aggregates, and rosettes, 
sand is very abundant and in most the 
selenite is little more than a cement. 
Crystals and rosette subindividuals, how- 
ever, have crystallographic continuity so 
that they can properly be considered as 
sand crystals and sand rosettes similar 
to the so-called calcite sand crystals 
described and figured in some 
(Pettijohn, 1948). 

Shells are included in some of the 
larger crystals, and sedimentary bedding 
is preserved as included sand layers of 
contrasting cclors. The orientation of 


texts 


these beds is such that the discoid crys- 
tals must have grown with the planes of 
their maximum dimensions vertical or 
steeply inclined to the bedding. 


OTHER SIMILAR OCCURRENCES 
OF GYPSUM 


Gypsum similar to that of the Laguna 
Madre flats has been described from 
several other localities. A. Breithaupt 
(1841) described crystals from Bohemia 
and Silesia which were similar in habit to 
those of Laguna Madre. He commented 
on the discoid or lens-like shape which 
some of the crystals assumed, and stated 
further that they occur as nodules and 
clusters in the clays of tidal flats. C.A. 
Merritt (1935) described crystals from 
Alfalfa County, Oklahoma, with a habit 
somewhat like that of the Laguna Madre 
crystals; the environment here was a 
saline marsh. H. R. Bergquist (1942) 
figured, but did not describe in detail, 
single and twinned crystals in the 
Eocene Yazoo clay of Scott County, 
Mississippi. These crystals attained a 
maximum length of three inches and 
appeared to be most abundant along 
joints and bedding planes. In a recent ac- 
count by Eardley and Stringham (1952) 
crystals similar in habit to those of 
Laguna Madre were reported from sub- 
surface clays at the margin of Great Salt 
Lake in Utah. 


CRYSTALLOGRAPHY 


The basic crystal habit from which the 
rough, double convex crystals and com- 
plex intergrowths and aggregates of 
crystals develop consists of the unit 
pyramid, / (111), and broad, rough sur- 
faces approximately parallel to G (102). 
The four faces of the monoclinic unit 
pyramid form a flattened prism; the 
(102) faces truncate this prism at a low 
angle so that the .crystal has broad 
terminating faces (fig. 4a). 

These forms are referred to the crys- 
tallographic setting for gypsum described 
by Palache, Berman, and Frondel (Dana, 
1951), and it should be noted that the 
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orientation used here is different from 
that of other texts and reference books in 
current use. 

It has been reported that faces of the 
form e (103) are usually rough and con- 
vex and that, together with (111), they 
sometimes form rounded, lenticular crys- 
tals (Dana, 1951). Angular relations in 
the Laguna Madre crystals, however, 
indicate that here the rough terminating 
surface is parallel to (102) rather than to 
(103). This surface does not have the 














Fic. 4.—Habit and crystallographic orien- 
tation of selenite from Laguna Madre mud- 
flats. a. Habit of euhedral crystals showing 
commonest form. Note that the crystal is 
viewed from the (—a, +b, +c) octant rather 
than the view customarily used in crystal 
drawings. b. Intermediate stage in the de- 
velopment of rough discoid crystals. The ir- 
regular surface approximately parallel to (102) 
has expanded so that (111) faces are partly 
obliterated and the crystal extends lateraliy 
in the direction of the } axis. c. Optical and 
crystallographic orientation of cleavage frag- 
ments from euhedral crystals. 6 =113°503’; 
Z/Ac=51°52’ (Dana, 1951). d. Optical and 
crystallographic orientation of cleavage frag- 
ments from discoid crystals. 
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appearance of a rational crystal face, but 
on smaller crystals it is a smooth plane 
the orientation of which can be measured 
with results that are reproducible within 
several degrees from crystal to crystal. 
Furthermore, the rough, lens-like crys- 
tals lie with their longest axes in a plane 
near (102) (fig. 4d). 

The side pinacoid, 6 (010), which is 
prominent in crystals of the more com- 
mon gypsum habit, is here restricted in 
its development to long, very narrow 
faces which truncate the acute edges be- 
tween (111) faces. The unit prism, m 
(110), is present on some crystals as a 
very small face truncating the acute 
edge (111) :(102), but on most specimens 
this form is absent. 

The crystals cleave readily on (010), 
and most of the crystallographic and 
orientation data were obtained on (010) 
cleavage fragments. Under the micro- 
scope, traces of weak cleavages on (011) 
and (100) can be seen. Treatment of 
(010) surfaces with dilute HCl accen- 
tuates the (100) cleavage traces and pro- 
duces a rhomboidal etch figure bounded 
by the traces of (100) and (111). The ex- 
tinction angle of (010) cleavage frag- 
ments is 14° measured from X to the 
sharply defined edges between (111) crys- 
tal faces and the (010) cleavage plane 
(fig. 4c). In most of the larger rough 
crystals described below, these (111) 
edges cannot be found, and the long axes 
of cleavage fragments are near the plane 
of (102); the angle between X and these 
axes of elongation appears to be about 
46° (fig. 4d). 

Twinning on the front pinacoid is 
fairly common; the resultant crystal has 
the shape of an obtuse V. 


GROWTH OF CRYSTALS 


The changes that take place as crystal 
enlargement proceeds are of considerable 
interest. As described earlier, the smallest 
crystals are terminated by (102); when 
sizes of one to two inches are attained, 
the (102) surfaces become irregular and 
convex and begin to grow at the expense 
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of (111) pyramid faces. The crystals 
extend laterally to points, and a dia- 
mond-shaped outline with the longest 
dimension parallel to the 6-crystallo- 
graphic axis is the result (fig. 4b). As the 
final discoid shape is approached, (111) 
becomes restricted to long, narrow faces 
fringing the edges of the rough, irregular, 
convex surfaces, and the outlines of the 
flattened plate becomes more nearly 
circular. With the disappearance of all 
rational crystal faces, a double-convex 
disc, the maximum dimensions of which 
lie in a plane approximating (102), is 
formed. 

Single discs may have diameters as 
large as six inches, but most commonly 
the crystals form an aggregate of inter- 
penetrating discs. The arrangement of 
discs within the aggregates appears to be 
random; several small aggregates were 
examined on the universal stage, and no 
rational twin relationship between sub- 
individuals could be found. 


ORIGIN OF THE GYPSUM 


The Laguna Madre flats are two to 
three feet above sea level and extend 
across Laguna Madre dividing it into two 
bodies of water. Padre Island is about 
110 miles long and, except for narrow 
passes at each extremity, isolates Laguna 
Madre from the Gulf of Mexico. Tidal 
fluctuations in Laguna Madre are small, 
but persistent winds from either the 
southeast or northeast periodically drive 
lagoonal waters onto the flats. During 
the summer months, the area frequently 
is covered by several inches of water. 
During dry periods the water table may 
drop as much as one and one-half feet 
below the surface. It is readily apparent 
that these thin sheets of windblown 
water, fed without recirculation from 
Laguna Madre, will become highly en- 
riched in dissolved salts as a result of 
evaporation. The trend of this enrich- 
ment can be traced from a comparison 
of three water, analyses quoted in table 
1. These analyses represent normal sea 
water, Laguna Madre water from Red 


Fish Pay at the northerly end of the south 
arm of the lagoon, and water from a 
shallow pond inland on the flats. Nocom- 
plete analysis of water from the moving 
windblown sheets on the flats surface is 
available, but the chloride content of one 
such sample was found to be 79,650 
ppm." 

On a few occasions, extensive white 
crusts of precipitated salts including 
gypsum have been observed, and arti- 
ficial pits in which water stands and 
evaporates become filled with coarsely 
crystalline halite. A small amount of fine 
gypsum with the crystal habit described 
above is disseminated through these salt 


TABLE 1.—Major constituents in ppm of 
seawater and water from Laguna 
Madre and environs 





Pond 
water! ious 
Chloride 19,443 26,250 
Sulfate 2,711 4,500 
Carbonate — 24 
Bicarbonate 1438 148 
Sodium 10,800 16,417 
Calcium 411 671 
Magnesium 1,303 1,084 





66 ,000 


1 After Sverdrup, Johnson, and Fleming 
(1942, table 35). 

2 Analysis by Humble Oil & Refining Com- 
pany Service Laboratory. 

3 All carbon expressed as bicarbonate. 


deposits. Usually only minor amounts of 
salt are to be seen on the surface, and 
apparently the water recedes from the 
flats or filters downward through the 
clay and algal layers without precipitat- 
ing appreciable amounts of solids. With- 
drawal of water by evaporation at the 
surface during dry periods, however, 
may bring about precipitation of gypsum 
beneath the surface algal crust and in the 
clays near the surface. 

Halite is present in the surface layers 


1 Analysis by M. S. Taggart, Jr., Humble 
Oil & Refining Company. 
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and in some places forms a matrix for 
fine-grained gypsum. The quantitity of 
halite in proportion to the amount of 
gypsum, however, is much less than 
should be expected from the proportions 
of ions equivalent to these two salts indi- 
cated in the water analyses quoted above. 
It must be assumed, therefore, that water 
in the sediments and on the surface re- 
mains for the most part undersaturated 
with respect to the more soluble salts; 
furthermore, there is sufficient fresh 
water from rainfall on the mudflats and 
adjacent areas inland to remove most of 
these salts from the sites of gypsum 
precipitation. 

It is possible that growth of large crys- 
‘tals and rosettes at depth can be at- 
tributed to two factors: namely, change 
in the nature of the clastic sediments 
with depth, and the greater age of the 
deeper horizons. Sand beds are thicker 
and more abundant below the upper top- 
most few feet of laminated clays. High 


porosity and permeability in these beds 
as contrasted with the predominantly 
argillaceous beds would permit rapid 
ionic migration to a few large centers of 
crystallization and thus promote growth 
of large crystal aggregates and rosettes in 
the sand beds. The abundance of in- 
cluded sand in the more deeply buried 
gypsum indicates that it did indeed form 
in sediments composed almost entirely 
of sand. This gypsum may have been 
depesited originally at or near the sur- 
face as thin beds of fine crystals and sub- 
sequently become concentrated in the 
form of scattered large crystals and ro- 
settes. Alternatively, itt may have been 
derived entirely from external sources 
through the medium of moving subsur- 
face brines. Either process would have 
been operative longer in the older, deeper 
beds and thus would account for the ob- 
served evidence of downward increase in 
size of the crystals and accretionary 
masses. 
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DISCUSSION 


SOME REMARKS ON CYCLIC CALCAREOUS SEDIMENTATION 
AS AN INDEX OF CLIMATIC VARIATIONS 





ALBERT CAROZZI 
Institute of Geology, University of Geneva 


Recent studies in the Helvetic zone of 
the Swiss Alps have led W. Briickner 
(1951, 1953) to the conclusion that cal- 
careous cycles are due chiefly to climatic 
variations. A critical examination of this 
hypothesis, partially given in other pub- 
lications by the writer (1951, 1953, 1954) 
shows that it does not fit in with many 
petrographic features. 

Following the climatic hypothesis, a 
close relation between the development 
of shaly or marly beds during cold 
periods (deep water) and of limestones 
during warm periods (shallow water) 
may be assumed. Accordingly diminu- 
tion of depth must correspond to a litho- 
logic sequence which leads from shaly 
beds at its base through alternating 
marl and limestone beds to a more or less 
massive limestone complex at the top. 
The reverse sequence is inconceivable 
and, moreover, shales are always rela- 
tively deep-water sediments and lime- 
stones shallow-water ones. Sedimenta- 
tion conditions seem to have been over- 
simplified, since the existence of several 
types of shales and limestones as well as 
their possible different bathymetric posi- 
tions have been entirely overlooked in 
spite of oceanographic evidences. Many 
helvetic cyles, for instance in the lower 
Cretaceous, during shallowing lead from 
pelagic limestones at their base through 
alternating limestones and marls to lit- 
toral shales at the top. 

The main lithologic components of 
helvetic cycles reveal intergradations 
when traced laterally; in this way con- 
temporaneity is easily demonstrated be- 
tween cycles with different lithologic se- 
quences. Thus, we may assume that 
without any appreciable depth differ- 


ences limestones and shales have been 
deposited side by side. The climatic 
hypothesis seems unable to explain such 
facts which might easily be accounted for 
by the current pattern and by submarine 
topography of the epicontinental plat- 
form. 

Moreover, within a given stratigraphic 
unit or length of time, the number of 
cycles varies from one point to another 
in the basin and not necessarily in rela- 
tion to facies modifications. In order to 
explain such sedimentary behavior, im- 
portant climatic fluctuations over short 
distances must be postulated, whereas 
the etf-cts of contemporaneous tectonism 
of the : 1mework accounts for it more 
satisfactorily. 

We may add that deposits in given 
regions show a more or less uniform cy- 
clic character through entire strati- 
graphic units as an expression of their 
tectonic control. These unstable zones 
evolve into definite tectonic units during 
the final period of diastrophism. The 
climatic hypothesis must claim, for 
these cases, close relations between sub- 
marine tectonic features and climatic 
fluctuations, which seem more than 
doubtful. 

A subsidence of the helvetic trough 
during Cretaceous times is generally ac- 
cepted, but that it kept pace with sedi- 
mentation is hardly conceivable. Such a 
conclusion may give rise to the view that 
the helvetic sedimentation is a very ex- 
ceptional one, perhaps unique because it 
is entirely devoid of tectonic influences 
and especially of positive movements at 
least from the Upper Jurassic to the 
Eocene. Instead of this, clear evidence of 
disconformities as well as of unconfor- 
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mities appears as sharp breaks at the top 
of the major cycles (Purbeckian, Valan- 
ginian, Hauterivian, Albian, Senonian) 
recognized by P. Arbenz (1919). We 
may add that nearly all megacycles are 
closely related to tectonic phases. If 


these field observations are not over- 
looked, the climatic interpretation might 
lead to an intimate connection between 
the coldest periods and tectonic phases, 
a quite surprising conclusion for alpine 
geologists. 
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